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NMR is one of the techniques for protein structure determination at the atomic 
resolution. It is the only currently available technique to reveal protein dynamics on 
per atom basis over a wide range of timescales in solution where physiological 
conditions can be imitated. Although NMR experiments have been developed to 
characterize protein dynamics for different purposes, protein side-chain dynamics is 
still difficult to be obtained in a quantitative manner, especially for relatively large 
proteins. Thus, the first objective of the thesis is to develop a method to probe side-
chain methyl dynamics.   
In the first part of this thesis (Chapter 2), a novel method for probing methyl 
dynamics based on dipole-dipole cross-correlated transverse relaxation and auto-
correlated longitudinal relaxation is presented.  The excellent agreement between 
dynamics parameters of methyl groups in ubiquitin obtained from the cross-correlated 
relaxation and 13C spin-lattice relaxation and those derived previously from 2H 
relaxation data, demonstrates the reliability and validity of this method.  Subsequently, 
the method was applied to the study of methyl dynamics of Huntingtin interacting 
protein 2 (HIP2). 
Currently, a variety of NMR based methods have been developed to identify 
protein-protein interaction sites, but they are usually limited to special cases. The 
second objective of this dissertation is to develop methods for mapping protein-
protein interaction interfaces.  
XII 
In the second part of this thesis (Chapter 3), a new strategy to map protein- 
protein interfaces on the basis of the dependence of NMR relaxation on proton density 
is presented.  This strategy needs two moderately deuterated samples in which the 
reporting protein in a protein-protein complex is 2H-,15N-labeled while the acceptor 
protein is either unlabeled or moderately 2H-labeled.  The method was demonstrated 
by the identification of interfaces between human adult hemoglobin (Hb A) subunits.  
The amino acids involved in Hb A inter-subunits interactions were unambiguously 
identified from the measurement of the differences of initial relaxation rates of amide 
protons between two samples that have different proton densities in the acceptor 
protein.  The upper limit of the effective distance between an amide proton and its 
proximal protons was estimated from the differences of the initial relaxation rates in 
the two samples.  Based on the effective distances, we built a docking model of Hb A 
dimer and tetramer in solution. 
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CHAPTER 1 GENERAL INTRODUCTION 
 
 
Protein structure-function relationship is one of the major concerns for 
molecular biology studies.  To reveal this relationship, intensive efforts have been 
made on protein structure determination.  However, one has to note that a protein is 
not naturally static but an equilibrium representation which consists of conformational 
fluctuations.  The fluctuations have crucial implications on protein functions, which 
typically involve local rearrangement, domain-domain motions and/or overall 
structural reorganizations (Kay 1998).  This concept was first realized when the 
structure of myoglobin was solved (Lehninger et al. 1993).  The myoglobin structure 
alone cannot reveal the diffusion pathway for oxygen to travel from the solvent to its 
heme-binding site in the protein.  The concept was realized again when the structure 
of nef-SH3 was determined.  The nef-SH3 structure alone cannot explain the loss of 
binding free energy for the wild-type SH3 domain after it is bound to HIV-1 Nef 
protein to form a protein complex (Arold et al. 1997).  Therefore, to reveal a full 
picture of protein functions, the static structure alone is not sufficient. 
Protein-protein interactions, as another major concern in this field, are highly 
related to protein functions.  Protein-protein interactions studies are typically 
benefited by high resolution structure determination, which provides a complete 
description of interacting interface at atomic level.  At present, the major experimental 
2 
structure determination approaches, NMR spectroscopy and X-ray crystallography, 
are facing more challenges to study systems with an increasing molecular weight.  For 
NMR spectroscopy approach, spectra of a protein complex larger than 50 kDa, are 
typically suffering from severe line broadening, which makes the resonance 
assignment difficult to be accomplished.  Moreover, considerable experimental time 
for high-dimensional NMR experiments is a challenge to large protein’s stability.  On 
another hand, for X-ray crystallography approach, the main bottleneck is the 
crystallization and resolution.  So far, development of protein crystallization 
technique is still on an empirical stage.  It is also important to note that X-ray 
structure may differ from fully hydrated structures, especially for protein complex 
(Guo and Gmeiner 2001).  Thereafter, a variety of methods have been developed to 
map the protein-protein interactions without knowing the complex structures, such as 
yeast two-hybrid system (Fields and Song 1989), affinity purification with MS/MS 
identification (Aebersold and Mann 2003), methods based on fluorescence 
technologies (Yan and Marriott 2004) and a variety of NMR spectroscopy approaches 
(Zuiderweg 2002). 
This thesis focuses on developing novel methods based on NMR relaxation 
techniques to study protein structure-function relationship and to reveal protein-
protein interactions.  Before starting our story, it is necessary to review a general 




1.1 History of NMR 
 
In 1890, prior to the discovery of NMR, Zeeman observed unusual behavior of 
certain nuclei in a magnetic field.  This phenomenon was later found to be due to 
nuclear spin (Zeeman 1897).  After several decades, NMR was first discovered 
independently by Purcell et al. and Bloch et al. in 1946.  Purcell observed NMR signal 
from Paraffin wax (Purcell et al. 1946) and Bloch observed proton signal from water 
(Bloch 1946; Bloch et al. 1946).  Subsequently, Purcell and coworkers performed 
NMR experiments on gaseous and solid samples (Purcell et al. 1946; Purcell et al. 
1946) while Bloch established a semi-classical theory of spin relaxation (Bloch 1946).  
In 1948-1949, Bloembergen and coworkers also established a theory for spin 
relaxation (Bloembergen et al. 1948; Bloembergen 1949) while Gutowsky and Pake 
discovered the huge potentials of NMR in the field of molecular structures (Gutowsky 
and Pake 1948; Gutowsky et al. 1949).  In 1950, Proctor and Yu discovered the 
phenomenon of the chemical shift (Proctor and Yu 1950).  One year after, Gutowsky 
and McCall observed the J coupling effect (Gutowsky and McCall 1951).  Meanwhile, 
Hahn discovered spin echoes and developed several other methods for probing spin 
dynamics and relaxation (Hahn 1949; Hahn 1950a; Hahn 1950b).  In the subsequent 
years, some notable discoveries are crucial to the development of contemporary NMR 
spectroscopy, which include nuclear Overhauser effect (Overhauser 1953), cross 
relaxations (Solomon 1955), and the analysis of diffusion effects (Torrey 1953; 
Torrey 1956; Slichter and Ailion 1964).  Meanwhile, Bloch and Redfield established 
the most important theories for liquid spin dynamics (Bloch 1956; Redfield 1957). 
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In 1964, Ernst and Anderson firstly obtained NMR spectrum by applying 
Fourier Transform (FT) of the free induction decay (FID) and demonstrated the 
improvement in signal to noise ratio over the continuous wave method (Ernst and 
Anderson 1966), which brought a new era of pulsed Fourier Transform NMR 
spectroscopy. 
In 1971, Jeener proposed the idea of two dimensional (2D) NMR spectroscopy 
during a lecture, which was then realized by Aue et al. (Aue et al. 1976).  The 
applications of 2D NMR spectroscopy led to an emergence of new methods and 
techniques.  In the following years, 2D NMR spectroscopy was rapidly applied on the 
detection of correlations between proton and carbon-13 spins (Maudsley and Ernst 
1977; Maudsley et al. 1977), the indirect detection of multiple quantum transitions 
(Wokaun and Ernst 1977a; Wokaun and Ernst 1977), investigations of chemical 
exchange (Jeener et al. 1979; Meier and Ernst 1979), the detection of nuclear 
Overhauser effects (NOE) (Kumar et al. 1980), and the determination of the first three 
dimensional protein structure by Wüthrich and coworker (Williamson et al. 1985).  
With the availability of NMR probe techniques to record multiple frequencies, 2D 
NMR spectroscopy was soon extended to three and more dimensions (Cavanagh et al. 
1996).   
In this dissertation, we focus on the applications based on NMR relaxation 
theories.  The basics of NMR and its relaxation theory will be reviewed in the next 
section. 
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1.2 Basics of NMR 
 
NMR phenomenon bases on the magnetic properties of an atom’s nucleus.  All 
nuclei containing odd numbers of protons and some containing even numbers of 
protons have magnetic moments.  The nuclei are thus referred as being ‘magnetically 
active’.  NMR signals are detected by recording the evolution of the bulk 
magnetization arising from the magnetically active nuclei. 
 
 
1.2.1 Basic Theory 
 
In the absence of a magnetic field, nuclear spins are randomly distributed.  
When they are placed into a static magnetic field, the nuclear energy levels will be 
subjected to Zeeman splitting.  The Zeeman interaction is given by the following 
Hamiltonian: 
0H B   1-1 
where  is the magnetic field and  is the magnetic moment of the nuclei.  Symbol 
• indicates that  and  are vectors.  The magnetic moment of a nucleus can be 
written as: 
  1-2 
where is the total angular momentum,  is 1/2π times Plank’s constant and  is the 
0B 
0B 
I   
I  
6 
gyromagnetic ratio.  Assuming that a static homogeneous magnetic field is applied 
along the z direction, the Hamiltonian is then written as: 
 1-3 
The eigenvalues of , which are also known as spin quantum numbers (m), 
are either odd multiples of ½ or integers.  Hence, the energy at a given quantum 
number or a energy state/level equals /2.  According to the selection rule, 
allowed transitions can take place between two energy levels such that the change in 
the spin quantum number is: 
1-4 
Therefore, the resonant frequency for a spin system is expressed as: 
  1-5 
The Zeeman Hamiltonian of a nuclear spin is defined as: 
 1-6 
where ω is the resonant frequency of a nuclear spin (also known as Larmor Frequency) 
and it is expressed as: 
 1-7 
When a radio frequency (rf) field is applied on the spin system, transitions 
take place, subject to the conditions of 1-4 and 1-7.  When the excitation frequency 
matches the Larmor frequency of the nuclear spins, the spin system absorbs energy 
from the source of the rf field.  Immediately after the absorption the spins start to 
relax towards the equilibrium state.   
In NMR spectroscopy, we monitor either the resonant absorption of the rf, or 
the detection of the induced radio frequency in the receiver coil as the magnetization 
rotates in the (x, y) plane, after the rf field is switched off. 
0B
0zI B   
zI
0mB 
m 1  




1.2.2 Relaxation Theory 
 
NMR spin relaxation in liquids arises from random fluctuations of magnetic 
fields associated with a variety of intramolecular and intermolecular interactions that 
are modulated by molecular tumbling and other lattice motions.  Redfield’s spin 
relaxation framework is presented in this section.  The detailed descriptions can be 
found in Abragam’s book (Abragam 1961). 
 
 
1.2.2.1 Equation of Motion 
The time evolution of a quantum mechanical system, e.g. a single nuclear spin 
system, under the influence of a static Hamiltonian H is given by the time-dependent 
Schrödinger equation: 
 1-8 
where H is expressed in units of  and the time-dependent state function  
contains all information about the coupled n-spin system.  It can be decomposed into 
a linear combination of time-dependent coefficients  and eigenvectors  of the 
static Hamiltonian H which obey the time-independent Schrödinger equation 
 with  1-9 
where Ei is the energy of the eigenstate .  Since NMR is an ensemble 




( )ic t i
1




t c t 

  i i iH E 
i
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spectroscopy, it is convenient to describe an ensemble of spin systems with its time 
dependent density operator: 
 1-10 
where the bar indicates averaging over the ensemble.  The density operator belongs to 
the 2n-dimensional Hilbert space and can be represented as a 2n×2n matrix with 
respect to the basis set of the Hilbert space.  The diagonal elements of the density 
matrix correspond to the populations of the different energy levels Ei of the 
Hamiltonian H whereas the off-diagonal elements represent coherences resulting from 
phase correlations of pairs of different eigenstates averaged over the ensemble. 
The time evolution of the density matrix under the influence of the 
Hamiltonian H is given by the Liouville-von Neumann equation: 
 1-11 
  
which can be derived from the Schrödinger equation by assuming the subsystems of 
the ensemble are non-interacting. 
 
 
1.2.2.2 Semiclassical Relaxation Theory 
The nuclear spin system is assumed to be a closed quantum system with some 
perturbation from the lattice.  The closed system in the absence of the lattice shows a 
unitary and reversible time evolution.  The concept of relaxation involves the 
interaction between the spin system and the lattice; the interaction is assumed to be 
weak so that the relaxations can be treated as perturbations.  The microscopic 
( ) ( ) ( )t t t  




semiclassical theory of spin relaxation established by Bloch and Redfield has been 
proven to be useful to describe the experimental relaxation data in many cases.  In the 
semiclassical approach the spin system is treated quantum mechanically and the 
surroundings are treated classically.  This means that the density operator of the 
energy levels of the lattice is assumed to be quasicontinuous with populations which 
are described by Boltzmann distributions.  Furthermore, the lattice is assumed to be in 
thermal equilibrium at all times. 
The total spin Hamiltonian of the spin system is described by the sum of the 
time independent Hamiltonian H0 and a stochastic Hamiltonian H’(t) which involves 
the perturbation terms: 
 1-12 
where  consists of a Zeeman term for the coupling of the nuclear spins 
to the external static magnetic field and a term for the time independent scalar spin-
spin coupling.  We would not consider the chemical exchange processes and a 
coupling of the spin system to a radio frequency field, which render these terms time-
dependent.  The stochastic part H’(t) represents a stochastic process (typically 
described by a diffusion equation) with a time average value of zero and is regarded 
as a weak perturbation with respect to H0.  It should be noted that the Hamiltonian 
H’(t) consists of various relaxation Hamiltonians and it is the random fluctuations of 
the spin system that give rise to stochasticity through the spatially dependent part of 
the Hamiltonian. 
Given the Hamiltonian H, all the needed information is contained in the 
correlation matix of H’: 
 1-13 
0( ) '( )H t H H t 
0 Z JH H H 
' '
' ' ' '( ) ( ) ( )G H t H t      †
10 
It is assumed the G and  are independent of time t, which is equivalent to 
assuming that the external system of the bath which gives rise to H’(t), is stationary in 
the statistical sense.  The bar denotes an ensemble average.  When H’ consists of two 
different mechanisms namely, H1 and H2, correlation functions can be of two types.  
Cross-correlation function, where two different mechanisms appear, shows the 
correlation between two different mechanisms.  For example, cross-correlation 
functions can be written as 
 1-14 
where i ≠ j.  Auto correlation functions, in which i = j, are given by 
 1-15 
Starting from the equation of motion of the density matrix  in the 
interaction picture, after performing second order perturbation expansion and some 
algebraic manipulations, one obtains 
 1-16 
where ‘*’ indicates the interaction representation that is given by 






It is assumed that: 
1)  and  are statistically independent and can be averaged 
separately. 
'H
' ' , , ' '( ) ( ) ( )
cross
i jG H t H t      †
' ' , , ' '( ) ( ) ( )
auto
i iG H t H t      †
*
* * * * * *
0
' ( ), (0) ' ( ), ' ( ), (0)
td i H t d H t H t
dt
               
* 1U U  
* 1' 'H UH U 
0exp( )U iH t 
*' ( )H t *(0)
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2) All unwritten higher order terms are negligible and the solution of Equation 
1-17 with *(0)  replaced by *( )t  describes the relaxation phenomena to sufficient 
accuracy. 
3) The weak collision approximation is applicable, that is, 
 1-20 
where the assumptions that  is the smallest time interval over which  changes 
and  is the correlation time of the system, are valid, so that the upper limit of the 
integration can be extended to +∞. 
Solution of Equation 1-16 is true for a system in thermal equilibrium with a 
lattice which is at infinite temperature. To get the realistic solution, where the system 
evolve towards finite temperature equilibrium, the  on the left-hand side is 
replaced by .  Since ,  ρ(∞)is different from zero and this 
replacement introduces irreversibility in the equation of motion. 
These assumptions simplify the equation of motion, to a form 
 1-21 
When written in a matrix notation in a representation where the basis states are 
the eigenstates  and  of the unperturbed Hamiltonian H0 with eigenvalues α and 
β, Equation 1-21 can be rewritten as 
 1-22 
where because of the stationary character of the random Hamiltonian H’(t), the 
coefficients  are independent of time, and are linear combinations of spectral 




* *( ) ( )t   *( ) eq  
* * * *
0
' ( ), ' ( ), ( ) eq
d d H t H t t
dt
          ＝－
 
* ( ' ') *
' ' ' '
, '
( ( ) )i t eq
d e t
dt
   
   
 
      
' ' 
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densities which in turn are Fourier transforms of the correlation function G. 
Since the variation of density matrix with time is slow compared to the rapidly 
oscillating exponential terms (the oscillation rate is often > 1 MHz) on the right side 
of Equation 1-22, dropping all non-zero exponentials from the equation is a good 
approximation known as the secular approximation 
 1-23 
Under the Secular approximation the Equation 1-22 is simplified as 
 1-24 
where the sum is over those values of β and β’ which satisfy the Secular 
approximation (Equation 1-23) 
Equation 1-24 is a simple linear equation. The neglect of non-secular terms 
leads to a characteristic block structure of the Redfield matrix.  The condition of 
secular approximation can only be fulfilled for transitions with the same order of 
coherence.  This implies that there is no cross-relaxation between elements of 
different quantum orders.  The appearance of the Redfield matrix is very similar to a 
kite (Figure 1-1).  It guarantees that spin-spin and spin-lattice terms relax 
independently; a fact which greatly simplifies the analysis of relaxation process. 
The relaxation matrix elements in Redfield’s equation are given by 
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Here  and  are the real and the imaginary parts of the 






The relaxation matrix Γ has a real part R and an imaginary part L.  The real 
part contributes to the relaxation.  The imaginary part L, gives a frequency shift, 
known as dynamic frequency shift. 
It is useful to write the relaxation Hamiltonian for each mechanism as a scalar 
contraction of spherical irreducible tensor spin operator T with the corresponding 
random function of lattice variables .  Thus we have 
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where μ specifies different interactions such as individual pair-wise dipolar 





( ) ( ) ( ) exp( )
( ) exp( )
( ) cos( ) ( )sin( )
( ) ( )
cJ H t H t i d
G i d






      
  












( )J  ( )K 
cJ
' ' ' ' ' 'R iL       
' ' ' ' ' '
' ' ' '
( ' ') ( )
( ) ( ' )
R J J
J J
     
     
 
   
     
   
    
' ' ' ' ' '
' ' ' '
( ' ') ( )
( ) ( ' )
L K K
K K
     
     
 
   
     
   
    
( )F t











replaced by a single index i to denote relaxation mechanisms involving one spin, and 
by two indices i and j to denote interactions between two spins.  The value of l, which 
may be 0, 1 or 2, depending on the mechanism, is the rank of the tensor.  Since  
is Hermitian, we have 
,  1-31 





In order to obtain Equation 1-33 from 1-25 and 1-30, it has been assumed that 
cross-correlations between lattice functions  with different values of q are 
negligible, i.e., 
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This assumption is justified, since, in most of the cases, the randomly 
fluctuating functions  are statistically independent, which is, different ranks of 
these spherical tensors average out independently.  Further simplification of Equation 
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1.2.3 Relaxation Mechanisms 
 
NMR relaxation is dominated by single or multiple mechanisms such as 
dipole-dipole interaction, chemical shift anisotropic interaction, quadrupolar 
interaction, scalar relaxation and more.  Intramolecular dipole-dipole interaction will 
be discussed here. 
 
1.2.3.1 Intramolecular Dipole-Dipole Interaction 
In a molecule, two spins which are close enough (≤ 10Å) experience 
significant dipolar interactions.  For spin ½ nuclei, especially protons and fluorines, 
dipolar interactions are often the dominant mechanism of relaxation.  Detailed 
investigations of dipolar relaxation can provide information about molecular 
geometry and anisotropy of molecular reorientations.  The direct dipole-dipole 
interaction between two spins can be written as 
 1-35 
The coupling tensor D is traceless, axially symmetric and is of rank 2, which 
in a molecule-fixed principal axis coordinate system, is given by 
 1-36 
with the principal z axis being given by the inernuclear vector.  Since D is traceless, 
dipole-dipole interaction does not cause a net transfer of energy between an ensemble 
of rapidly and isotopically tumbling molecules.  The appropriate  operators for 























and the spatial function are defined as 
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where  is the instantaneous value of the internuclear distance between spin i and j, 
and  denotes an average over vibrational motion, which occurs on a more rapid 
time-scale than molecular reorientation.  The term  and  are polar 
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1.2.4 Expressions for Spectral Densities 
 
The general expression for spectral densities has been given in Equation 1-33.  
Here the expressions for various auto and cross-correlated spectral densities for 
various interactions are given. 
 
 
1.2.4.1 Auto-correlated Dipolar(ij) Interaction 
 1-41 
where  is the distance between spins i and j, ω is the Larmor frequency and τc is the 
correlation time for isotropic reorientations. 
 
 
1.2.4.2 Cross-correlated Dipole(ij)-Dipole(kl) Interaction 
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where  is the angle between the two dipolar vectors  and .  Here also, the 
same molecular motion makes the two interactions time dependent and a single 
correlation time  describes the isotropic molecular reorientations. 
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The spectral densities written above appear in the Redfield matrix elements 
and determine the magnitude of relaxation rate.  The cross-correlation terms are of 
particular interests in this dissertation. 
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1.2.5 Order Parameter 
 
1.2.5.1 Lipari and Szabo Approach 
In last section, spectral density function is presented by neglecting the internal 
motion.  However, in many cases, especially on macromolecules, the contribution of 
internal motion cannot be ignored.  The internal motion can be represented by a 
correlation time (e), which arises from different conformational states of a molecule.  
For macromolecules, comparing to the correlation time of slow overall tumbling 
motions (c), the internal correlation time denotes fast internal motions which are at 
nano- to pico-seconds time range.  
It is convenient to assume that internal motions and global tumbling motions 
are independent.  Therefore, the spectral density functions can be represented by two 
terms to characterize global tumbling motion and internal motion, respectively.  This 
is based on the well known LS approach developed by Lipari and Szabo in 1982 
(Lipari and Szabo 1982a; Lipari and Szabo 1982b). 
LS approach assumes: 
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Where CT() is the total correlation function to describe molecular dynamics, 
C0() is the correlation function containing the relaxation times resulting from the 
global motions, and Ci() contains both the generalized order parameters and the 
relaxation times resulting from internal motions.  It must be noted that the assumption 
is only valid when global motions and internal motions are not coupled and the global 
     0T iC C C   
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motions are isotropic or can be treated as isotropic. 




Here, S2, the square of generalized order parameter is used as a measure of 
spatial restriction of the internal motions.  S2 =1 and S2 = 0 represent completely 
restricted and unrestricted internal motions, respectively. 
The correlation function for internal motions is thus expected to decay with 
time from unity to S2.  In the LS model, this decay is assumed to be mono-exponential: 
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 Cosine Fourier Transformation of the correlation function Equation 1-43 
results in a spectral density function J (ω): 
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With Equation 1-46, the corresponding spectral density function is written as 
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1.2.5.2 Order Parameter 
The generalized squared order parameter, S2, is a normalized parameter that 
indicates the degree of order of a system. It measures magnitude of the angular 
fluctuation of a chemical bond vector and characterizes protein intramolecular 
mobility 
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where Y2m are spherical harmonics of the second order θ and φ.  θ and φ are polar 
angles for the motional vector within the molecular frame.  Averaging is performed 
over all orientations of the motional vector.  Considering only fast motions, like 
rotational fluctuations within a picosecond timescale potential well, S2 usually falls in 
the range of 0.9-1.0.  For slower motions which occur with large amplitudes like 
nanosecond-time-scale rotational conformational jumps, S2 is normally reduced to 
0.5-0.8, depending on amplitudes and correlations of these jumps (Daragan and Mayo 
1997).  In protein dynamics studies, order parameters are typically derived from 
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1.3 Outlines of the thesis 
 
In the previous sections, we reviewed NMR history and NMR relaxation 
theories.  The next two chapters are devoted to two main goals of this thesis, which 
are to probe methyl dynamics and to obtain protein complex interface.  For methyl 
dynamics, the method was verified by ubiquitin and applied to HIP2 protein.  For 
protein complex interface, the strategy was applied to Hb A and allowed us to obtain 
the interface between its inter-subunits.  Then, Hb A dimer and tetramer were 










It has been widely accepted that proteins are not rigid molecules, but an 
assembly of atoms undergoing multiple motions with a wide range of time scales and 
amplitudes, from fast local atomic oscillations to slow overall structural motions 
(Karplus and McCammon 1983; Gerstein et al. 1994).  These dynamic aspects of 
proteins are getting increasingly recognized as important for understanding their 
biological functions (Onuchic et al. 1997; Dutta et al. 2004; Finerty et al. 2005; 
Ilangovan et al. 2005).  As a consequence, considerable efforts have been made to 
characterize protein dynamic motions on different time scales, mainly from NMR 
relaxation (Nesmelova et al. 2001; Palmer 2001; Akke 2002; Kay 2005), amide 
proton exchange studies (Loh et al. 1993), fluorescence spectroscopy (Palmer et al. 
1993), molecular dynamics simulations (Smith et al. 1995), and X-ray studies (Baker 
et al. 1995). Here, we focus on developing an NMR relaxation approach which targets 
protein side-chain dynamics. 
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2.1.1 Backbone Dynamics and Side-Chain Dynamics 
 
Protein isotopic labeling provides a unique opportunity for studying protein 
motions (molecular motions and localized intramolecular interactions) in solution by 
NMR spectroscopy (Peng and Wagner 1994).  The studies have been mainly focused 
on the relaxations of 15N and 13C spins, which locate in protein backbones.  Analysis 
of 15N and 13C relaxation data is greatly facilitated by the fact that the relaxation times 
and the magnitude of heteronuclear 13C{1H} and 15N{1H} NOEs are dominated by 
one mechanism, the dipole-dipole interaction between the heteronucleus and the 
directly attached protons.  This interaction depends on the internuclear distances, 
which are known, and the overall or local correlation times, τc.  Over the past decades, 
a number of studies focused on backbone nuclear resonances, e.g., the N, Cα and C’ 
nuclei have been reported (Dellwo and Wand 1989; Kay et al. 1989; Clore et al. 1990; 
Schneider et al. 1992; Stone et al. 1992; Mandel et al. 1995; Dayie and Wagner 1997). 
In some cases, backbone dynamics are unaffected by ligand binding; while at 
the same time, dynamics of side-chains is significantly perturbed (Palmer et al. 1991; 
Mittermaier and Kay 1999). Since there is no direct correlation between main chain 
and side-chain motions, the study of protein side-chain dynamics is crucial to get a 
full picture of protein structure-function relationship. 
Methyl groups of protein side-chains are well suited for the dynamics studies 
because they can provide sufficient information about the ‘surface’ of a globular 
protein, which is essentially related to protein functions (Chaykovski et al. 2003; 
Voegeli et al. 2004). However, the spin-spin relaxation rate (R2) for methyl groups 
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usually cannot be measured precisely with the existence of dipolar cross-correlated 
relaxation. 
Recent achievements on probing protein side-chain dynamics will be reviewed 
in the next section. 
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2.1.2 Review of Protein Side-Chain Dynamics Studies 
 
 The majority of side-chain dynamics studies have utilized the methods 
developed by Kay’s group to measure the relaxation rate of deuterons in 13CH2D 
methyl groups (Muhandiram et al. 1995; Yang et al. 1997).  The proteins that are 
necessary for this work are generally expressed in minimal media containing 13C6-
glucose as the sole carbon source and ~50% D2O:50%H2O, resulting in uniform 13C-
labeling and fractional deuteration. The pulse sequences are designed for triple 
resonance experiments in which rf pulses are applied to 1H, 2H, and 13C nuclei. 
In order to calculate the dynamics parameters S2 and τe, it is necessary to 
measure multiple relaxation rates for a specific nucleus.  For example, a minimum of 
two relaxation rates, R1 and R1ρ, would typically be measured in the side-chain 
experiments under consideration.  The rates that are measured represent the decay of 
particular populations or coherences that are created by the pulse sequence.  These 
populations or coherences can be specified by the product operator notation, a 
shorthand that is commonly used in the design and analysis of NMR experiments. In 
order to measure R1 or R1ρ, magnetization proportional to the operators Dz or Dy, 
respectively, is produced prior to the relaxation period. 
In reality, the situation is more complicated, however, in that one first 
measures the relaxation rate for the operators IzCzDz and IzCzDy. An additional pulse 
sequence element is then implemented in order to subtract the relaxation rate 
contribution from the operator IzCz.  This approach allows the decay rates of pure 2H 





The approximations in Equation 2-1 and 2-2 are good to an error of ~2% 
under typical conditions (Muhandiram et al. 1995).  Kay’s method is successful in 
large part because the deuteron is a spin-1 particle whose relaxation is dominated by 
the quadrupolar interaction.  This scenario greatly facilitates analysis of the relaxation 
data.  The method also benefits from the high resolution typically observed in the 
methyl region of 13C-1H correlation spectra.  Kay’s group later expanded the method’s 
capabilities by increasing the number of accessible relaxation rates from two to five 
(Millet et al. 2002).  These five relaxation rates correspond to the decay of three 
coherences: D+, D+2, and D+Dz + DzD+ and two populations: Dz and 3Dz2-2. Within 
the context of the Bloch–Wangsness–Redfield (BWR) theory, these five relaxation 
rates are collectively a function of the spectral density J(ω) at just three frequencies: 0, 
ωD, and 2ωD, where ωD is the deuteron’s Larmor frequency.  This expanded data set 
also allows for more complex modeling of the spectral density function (Skrynnikov 
et al. 2002; Choy and Kay 2003).  As a first step in the analysis of side-chain 
relaxation data, it is customary to attempt a two-parameter fit, referred to as the LS2 
model.  This type of analysis corresponds to the standard method of Lipari and Szabo.  
However, side-chain dynamics are less likely than are backbone dynamics to be 
adequately described by just two parameters, S2 and τe.  In cases where the LS2 model 
proves inadequate, it is necessary to investigate various sources of errors.  One 
possible complication is the presence of anisotropic overall rotation, which is most 
easily evaluated by noting the range of τR values obtained from 15N backbone 
relaxation measurements.  It is also necessary to consider the whole range of internal 
motions that may contribute to the relaxation of a deuteron in a side-chain methyl 
1( ) ( ) ( )z z z z z zR D R I C D R I C 
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group.  The LS2 model accommodates internal motions that are much faster than the 
rate of overall tumbling.  For a side-chain methyl group, the motions most likely 
include: spinning about the methyl symmetry axis, torsional and bond angle 
fluctuations, and fast rotameric transitions.  These motions are thought to occur on a 
similar timescale of ~10-100 ps and are considered fairly ubiquitous.  Side-chain 
dynamics, however, may also include slower motions that approach the rate of overall 
tumbling.  Motions that are characteristic of this intermediate timescale would include: 
slow rotameric transitions and concerted movements among multiple chemical groups 
whose dynamics are correlated in some manner.  In cases where one of these slower 
processes is superimposed on the typical fast side-chain motions, the total correlation 
function is no longer a simple product of two exponential functions, one 
corresponding to overall tumbling and the other corresponding to an internal 
fluctuation.  Instead, the tail of the total correlation function is itself comprised of at 
least two exponentials with similar correlation times.  Therefore, the LS2 model is 
unable to adequately fit the relaxation data. 
One solution to the problem is to use an approach first proposed by Clore and 
co-workers in the analysis of backbone dynamics (Clore et al. 1990).  They expressed 
the spectral density function in terms of four parameters: Sf2, τf, Ss2, and τs, 
corresponding to square order parameters and correlation times for fast and slow 
internal motion, respectively.  This approach is referred to as the LS4 model.  
Although the approach is sound in principle, it is often difficult to implement, 
particularly in cases where the slow internal correlation time τs is very similar in 
magnitude to the overall correlation time τR.  Much of the difficulty arises from the 
fact that, when two decay processes occur at similar rates, even a small amount of 
noise will prevent one from being able to separate their relative contributions.  Kay's 
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group offered an alternative expression for the spectral density function, the LS3 
model, which provides less information, but generally fits the side-chain relaxation 
data in cases where the LS2 model fails.  For a side-chain methyl group analyzed by 






Unlike the LS4 model, which explicitly includes the parameters Ss2 and τs, the 
LS3 model introduces the parameter τceff, which represents the combined effects of 
slow internal dynamics and overall tumbling. The term in Equation 2-3 that contains 
τceff is the correlation function for overall tumbling, but it is now site-specific in order 
to include contributions from internal motions that occur on a similar timescale.  
Equation 2-3 also contains a contribution from fast local motions, which includes a 
factor of (1/9) to account for fast spinning about the methyl symmetry axis. 
The work performed by Kay's group represents a powerful approach to the 
study of side-chain dynamics by NMR. This area of research is still very much in its 
early stages, however, and other methods have also been proven useful.  Whereas 
Kay’s method utilizes 2H relaxation, alternative approaches generally measure 
relaxation of the 13C nucleus. Progress in this direction is complicated by the fact that 
multiple spin interactions often contribute to 13C relaxation in protein side-chains.  
For example, uniform, high level isotopic enrichment for 13C introduces scalar and 
dipolar couplings between directly bonded 13C nuclei.  As a result, the relaxation rates 
that are measured for these nuclei do not reflect only isolated motion of the 1H-13C 
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bond vector.  Another complicating factor is the potential for 1H-13C dipolar cross-
correlation in methyl and methylene groups containing more than one 1H-13C spin 
pairs in a CH2 or CH3 Group.  Various labeling strategies have been used to produce 
an isolated 1H-13C spin pair whose relaxation behavior is subject to a more limited 
number of spin interactions.  LeMaster and Kushlan developed a procedure which 
labels protein side-chain at alternating carbon positions and randomly fractionally 
labels 2H, thereby removing the effects of 13C-13C scalar and dipolar couplings (or 
cross-correlated relaxation) (LeMaster and Kushlan 1996).  Their technique requires a 
specially modified strain of bacteria and uses either [2-13C]glycerol or [1,3-
13C]glycerol as the carbon sources.  Another approach proposed by Brüschweiler’s 
group, relies upon a combination of radiofrequency pulses and pulsed field gradients 
during the relaxation delay in order to suppress the effects of dipole-dipole cross-
correlated relaxation (Jin et al. 1997).  This method may prove useful in 
characterizing the motions in methylene groups. 
Recently, our group reported that side-chain methyl and methylene dynamics 
can be estimated from dipole-dipole cross-correlated relaxation, which are measured 
using 3D CC(CO)NH-based experiments (Liu et al. 2003; Zheng and Yang 2004).  
Intensities of the 1H-coupled 13C triplet (methylene) and quartet (metyl) components 
are used to calculate cross-correlated relaxation rates.  The methods require uniformly 
13C and 15N labeled samples without deuteration.  However, the methods are limited 
to proteins smaller than ~15 kDa due to sensitivity issues. 
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2.1.3 Huntingtin Interaction Protein 2 
 
Huntingtin interaction protein 2 (HIP2), also known as E2-25K, is one 
member of ubiquitin-conjugating enzymes (E2).  HIP2 gene was first cloned in 1996 
(Kalchman et al. 1996).  It shares complete homology with the bovine E2-25K 
enzyme, placing it in the same class of E2 enzymes encoded by UBC1, UBC4, and 
UBC5 genes of S. cerevisiae (Lee et al. 2001).  HIP2 is expressed in most human 
tissues and abundantly expressed in human brain.  It has been found that HIP2 
interacts with ubiquitin or ubquitin-like protein (UB/UBL) and causes its ubiquination 
and degradation (Kalchman et al. 1996), which is responsible for the development of 
Huntington’s disease (de Pril et al. 2007), atherosclerosis (Kikuchi et al. 2000) and 
Alzheimer's disease (Song et al. 2003; Flierman et al. 2006). 
HIP2 has been found to catalyze multi-ubiquitin chain synthesis via Lys48 of 
ubiquitin which destines proteasomal degradation (Chen and Pickart 1990; Kalchman 
et al. 1996).  Initially, UB/UBL is activated by an ATP-dependent formation of a 
thiolester bond between the C-terminal carboxylate of UB/UBL and a catalytic 
cysteine residue on UB/UBL activating enzyme (E1).  The activated UB/UBL is then 
transferred to the active cysteine catalytic site of a specific ubiquitin conjugating 
enzyme (E2).  Finally, an ubiquitin ligase enzyme (E3) recruits both substrate protein 
and the appropriate E2 to mediate the assembly of the polyubiquitin chain and its 
covalent attachment to substrate.  HIP2, as a ubiquitin conjugating enzyme, has been 
found its active site Cys92 to form an isopeptide bond with the C-terminus of 
ubiquitin during ubiquitination catalyzation (Kalchman et al. 1996).  However, the 
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E1-E2, E2-E3 and E2-UB/UBL interaction interfaces and are not clearly known.  The 
dynamics study presented here will be helpful to understand the roles of HIP2 in 
ubiquitination catalyzation mechanism. The sequence and secondary structure for 
HIP2 is shown in Figure 2-1. 
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Chain A 
1  MANIAVQRIK REFKEVLKSE ETSKNQIKVD LVDENFTELR GEIAGPPDTP 
  HHHHHHHH HHHHHHHT H HHHTTSEEEE ESSTTSSEEE EEEE  SSST 
51 YEGGRYQLEI KIPETYPFNP PKVRFITKIW HPNISSVTGA ICLDILKDQW 
TTT EEEEEE E  TTTTSS   EEEESS    BTTB TTT B B  HHHHT   
101 AAAMTLRTVL LSLQALLAAA EPDDPQDAVV ANQYKQNPEM FKQTARLWAH 
 TT  HHHHH HHHHHHHHS   TTS S HHH HHHHHH HHH HHHHHHHHHH 
151 VYAGAPVSSP EYTKKIENLC AMGFDRNAVI VALSSKSWDV ETATELLLSN 
HHH  S   H HHHHHHHHHH HTT  HHHHH HHHHHTTT H HHHHHHTT   
Chain B 
1  MANIAVQRIK REFKEVLKSE ETSKNQIKVD LVDENFTELR GEIAGPPDTP 
  HHHHHHHH HHHHHHHT H HHHTTSEEEE ESSTTSSEEE EEEE  SSST 
51 YEGGRYQLEI KIPETYPFNP PKVRFITKIW HPNISSVTGA ICLDILKDQW 
TTT EEEEEE E  TTTTSS   EEEESS    BTTB TTT B B  HHHHT   
101 AAAMTLRTVL LSLQALLAAA EPDDPQDAVV ANQYKQNPEM FKQTARLWAH 
 TT  HHHHH HHHHHHHHS   TTS S HHH HHHHHH HHH HHHHHHHHHH 
151 VYAGAPVSSP EYTKKIENLC AMGFDRNAVI VALSSKSWDV ETATELLLSN 
HHH  S   H HHHHHHHHHH HTT  HHHHH HHHHHTTT H HHHHHHTT   
 
Figure 2-1 Sequence and secondary structure of HIP2 (PDB Code: 1YLA) 
Helices, sheets and turns are colored in red, blue and green, respectively. 
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2.2  Materials and Methods 
 
2.2.1 NMR Spectroscopy 
 
2.2.1.1 Experiments 
All NMR experiments were performed on a Bruker Avance 800 MHz 
spectrometer.  The experiments for ubiquitin were recorded on a sample of uniformly 
13C, 15N-labeled protein (~1 mM, pH 6.5, 75 mM phosphate, 10% D2O, 27 °C), while 
the experiments for huntingtin interaction protein 2 (HIP2) were recorded on a sample 
of uniformly 13C, 15N-labeled protein (~1 mM protein, pH 7.0, 50 mM Na3PO4, 10% 
D2O, 25 °C).  For 13C R1 data measurement, the relaxation delays used were 10, 50, 
100, 200, 300, 400, and 600 ms for UB and 10, 50, 100, 200, 300, 400, and 650 ms 
for HIP2.  For ubiquitin cross-correlated relaxation rate measurements, 16 spectra 
were recorded by setting the constant-time T to 84 ms with a series of  values: 0.012, 
0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.6, 6.4, 7.2, 8.0, 9.2, 21.2, and 24 ms.  For HIP2 
cross-correlated relaxation rate measurements, 14 spectra were recorded at a constant-
time of 28 ms with a series of  values: 0.012, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, 4.2, 4.8, 5.4, 
6.0, 6.6, 7.2, and 8.0 ms. A recycle delay of 1.5 s was used in all 13C experiments. 15N 
relaxation times T1 and T and 15N{1H} NOE were measured with well-established 
experiments (Farrow et al. 1994; Korzhnev et al. 2002).  The T experiments were 
done with a spin-lock field strength of 1.6 kHz and a recycle delay of 2 s. T2 values 
were derived from T measurements after offset corrections. The 1H saturation time 
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used for 15N{1H} NOE development was about 10T1 of 15N spins. 
 
2.2.1.2 Data Procession 
All NMR data were processed with the NMRPipe software package (Delaglio 
et al. 1995). Intensities were obtained using the nonlinear line-shape modeling 
procedure included in the software. The standard deviations of peak intensities were 
determined from measured background noise levels. R1 values were obtained from 
fitting the measured peak intensities to a single exponential equation with two 
parameters. Γ values were determined by fitting relative peak intensities to Equation 
2-13, 2-15 and 2-16 using simplex routines in MATLAB R13 (Guide 1998). Fitting 
errors were calculated using the Monte Carlo method. 
 
2.2.1.3 Assignment of HIP2 Side-chain Methyl Groups 
Methyl resonances were assigned as previously described (Yang et al. 2004).  
Assignment of CH3 groups relies on prior assignments of 13C and 13C chemical 
shifts.  For HIP2, sequential assignments were obtained from perdeuterated samples 
provided by our collaborator Dr Weontae Lee.  Due to 2H isotope effects, 13C 
chemical shifts observed in a perdeuterated sample are smaller than those observed in 
a protonated sample.  To make 13C chemical shifts consistent for both samples, 2H 
isotope effects are corrected according to the following equation (Venters et al. 1996): 
 2-1 
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where C(H) and C(D) are the chemical shifts of a 13C spin in protonated and 
perdeuterated samples, respectively; nC(D) represents the n-bond isotope effect per 
deuteron; and dnb is the number of deuterons n bonds removed from the 13C nucleus. 
Due to the negligible magnitude of 4C(D) in saturated alkanes, it has been restricted 
to isotope shifts over three bonds or fewer. The three nC(D) constants used are 
(Venters et al. 1996):  
1C(D) = -0.29 
2C(D) = -0.13 





2.2.2 Extraction of Dynamics Parameters from Relaxation Data 
 
2.2.2.1 13C Relaxation Data: R1 and Γ 
The 13C spin-lattice relaxation rate (R1) and dipole-dipole cross-correlated 
relaxation rate (Γ) of a methyl group in a uniformly 13C-labeled protein are dominated 





in which γi and ωi are the gyromagnetic ratio and Lamor frequency of spin i, 
respectively; ħ = h/2π and h is Planck’s constant; μ0 is the permittivity of free space; 
Δσ = σǁ  - σ丄A, where σ‖ and σ丄A are the principle components of an axially-
symmetric 13C CSA tensor along the parallel and perpendicular axes, and Δσ is 
assumed as 25 ppm; rCH is the C-H bond distance and is assumed as 1.115 Å; rCC is 
the C-C bond distance assumed as 1.517 Å; rHH is the distance between two protons in 
the methyl group and it is 1.821 Å when a tetrahedral geometry is assumed; J(ω) and 
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2.2.2.2 Spectral Density Function 
As a result of steric constraints and concerted motions, the dynamics of methyl 
groups in protein are complicated, especially for Leu and Ile, and a detailed picture of 
the dynamics cannot be obtained merely from a few experimental data. The simplest 
approach to extract meaningful dynamic parameters from relaxation data is the Lipari-
Szabo (LS) model-free analysis (Alexandrescu et al. 1998; Chatfield et al. 1998). 
Assuming that the overall tumbling of protein is isotropic, the model-free form of the 
spectral density function is described by 
 2-8 
where Saxis is the order parameter of the methyl rotation axis; Sf2 = 
P2(cos(θij))*P2(cos(θjk)), θij is the angle between bond ij and the rotation axis,  and 
both bonds ij and jk undergo free rotation about the rotation axis; for CH3 methyl 
groups, θCH = 110.5°, while θCD = 109.5° for CH2D methyl groups (Best et al. 2004); 
, in which τm is the correlation time for overall molecular tumbling, τe 
is the effective internal correlation time and τm > 10 τe; θij,jk is the angle between 
bonds ij and jk. In the case where ij = jk, Jijk(ω) is the auto-correlation spectral density 
function and is denoted as J(ω). 
More complicated approaches such as extended LS models with more 
motional parameters can be applied to describe methyl dynamics with multiple 
internal motions (Andrec et al. 1999). However, recent studies have shown that the 
motional parameters for methyl groups extracted from use of the extended LS models 
are significantly influenced by small errors in relaxation data (e.g., as small as ~2%), 
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This is because J(ω) is insensitive to methyl motions on sub-nanoseconds and 
nanoseconds. In order to take account of the effect of overall anisotropic tumbling on 
methyl relaxation, precise side-chain geometry (which is available if high resolution 
structures are already determined) and more experimental data sets are required for 
extracting meaningful dynamics parameters since methyl groups undergo multiple 
restricted rotations about χ1-χ N torsion angles. Therefore, we only use the simplest 
model Equation 2-8 to extract order parameters and effective internal correlation 
times.  
 
2.2.2.3 Rationality of S2 Calculation 
Both R1 and Γ are dominated by one-bond 1H-13C dipolar interactions. In 
extreme cases, however, the contributions of 13C-13C and intra-methyl 1H-1H dipolar 
relaxations to respective R1 and Γ can be significant, and cannot be neglected as 
shown by our numerical simulations. For example, the contribution of 13C-13C dipolar 
interaction to R1 is >25% in the cases where S2 > 0.95, τf < 3ps, τm = 8 ns and ωH = 
800 MHz. This contribution increases with τm and S2, but decreases with the increase 
of τf (0 < τf < 110 ps). The contribution of intra-methyl 1H-1H dipolar relaxation to Γ 
can be > 15% in cases where S2 < 0.2, τf > 100 ps, τm = 8 ns and ωH = 800 MHz. This 
contribution increases with τf (0 < τf < 110 ps), but decreases with the increase of τm 
and S2. The total contribution of all 13C dipolar interactions with remote 1Hs to R1 is 
always smaller than 2% as estimated from proton-carbon distances in a number of 
proteins, while the remote 1H-13C and 1H-1H dipolar interactions have negligible 
effects on Γ.  
 Heteronuclear steady-state NOE is commonly used for dynamics studies. 
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However, 13C{1H} NOE in uniformly 13C-labeled proteins is complicated by 13C-13C 
cross-relaxation effects. Our numerical simulations indicated that the contribution 
from the cross-relaxation to measured methyl NOE values can be as large as up to 7% 
for methyl groups in proteins with a τm value of 10 ns as seen in Figure 2-2.  In our 
simulations, the measured and theoretical 13C{1H} NOEs were calculated from a 
previously described method (Engelke and Rueterjans 1995). We assumed that the 
spectral density function is described by Equation 2-1, τm = 10 ns, τe = 20 ps, and ωH 
= 800 MHz. The error is given by 
 2-9 
The contribution increases greatly with the increase in protein size (e.g., up to 
14% when τm = 15 ns) and is difficult to predict without prior knowledge of the 
dynamics at the sites adjacent to methyl groups. Moreover, R1 and NOE contain 
redundant information as both R1 and NOE are sensitive to fast motions. Therefore, 
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2.3 Results and Discussion 
 
2.3.1 Measurement of 13C Spin-Lattice Relaxation Rate 
 
 The previous pulse schemes for measuring methyl 13C R1 values record the 13C 
chemical shift after the relaxation period (Abbott et al. 2000; Best et al. 2005).  It has 
been shown that the R1 values measured in this manner are dependent on the initial 
magnetization of the carbon spins adjacent to methyl groups and equivalent to non-
selective relaxation rates (Chou et al. 2003).  Differences in dynamics at the sites 
adjacent to methyl groups will complicate the extraction of accurate relaxation rates. 
If the 13C chemical shift is recorded prior to the relaxation period as shown in Figure 
2-3, not only are R1 values equivalent to selective relaxation rates, but they can also 
be accurately measured for small proteins by fitting the experimental data to a single 
exponential.  
Our numerical simulations showed that errors in R1 values are less than 2.5% 
for proteins with an overall correlation time (τm) of 8 ns when they are measured with 
the scheme shown in Figure 2-3 on an 800 MHz spectrometer. The errors are caused 
by 13C-13C cross-relaxation effects. The relative error (R1/R1, R1 is the difference of 
the theoretical and measured R1 values) decreases dramatically as internal correlation 
time (τe) increases (e.g., <1.5% when τe > 0.01 ns), but it increases significantly as τm 
increases since R1 and R1 are dominated by (1 – S2fS2axis)τe and S2axisτm respectively 
as shown in Figure 2-4. 
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  In our simulations, theoretical 13C R1 values were calculated from Equations 
2-6 and 2-8, while the cross-relaxation rate between the methyl 13C and its adjacent 
13C was given by (Bull 1992): 
 2-10
The change of longitudinal 13C magnetization with relaxation delay was 
calculated by considering both auto- and cross-relaxation, and then the simulated 
intensities were fitted to a single exponential equation to obtain the measured R1 value. 
The error is given by R1/R1(theoretical) x 100%, where R1 = R1(theoretical) – 
R1(measured) and R1(theoretical) is found in Abragram’s book (Abragam 1961): 
 2-11
The error can be as large as 8% for methyl groups in proteins with a τm value of 15 ns, 
while it is smaller than 0.4% for proteins the size of ubiquitin. If the experiment is 
performed at lower magnetic fields, the error in R1 is even smaller.  
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2.3.2 Measurement of Methyl Dipole-Dipole Cross-Correlated Relaxation 
Rate 
 
Figure 2-5 shows the pulse scheme used to measure methyl dipole-dipole 
cross-correlated relaxation. The scheme is similar to the standard constant-time 
HSQC sequence. The composite 1H 180˚ pulse applied in the middle of the constant-
time period (T) suppresses the cross-correlation between 1H-13C dipolar and 13C CSA 
interactions. The removal of 13C-13C coupling effects is achieved by applying a 
constant-time acquisition mode.  The maximum chemical shift evolution time for 13C 
spins equals T-∆.  In the absence of relaxation, the observed methyl signal intensity is 
a function of delay ∆ and given by 3cos(3πJ∆)+cos(πJ∆), where J is the one-bond 13C-
1H coupling constant. In the presence of relaxation, the signal intensity cannot be 
precisely described by a simple analytical form due to cross-correlated interactions 
within a methyl group and cross-relaxation between the methyl and its proximal 
protons. Nevertheless, when 2J >> 1.5R1Hsel where R1Hsel is the selective spin-lattice 
relaxation rate of methyl protons, the dependence of the signal intensity on delays  
and T can be approximated as (Liu et al. 2003; Tugarinov et al. 2003) 
 2-12
where Rout is the average relaxation rate of the two outer lines of the 13C quartet; Rin is 
the average relaxation rate of the two inner lines; Rf is the relaxation rate of the proton 
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magnetization involved in 3/2→1/2 and -1/2→-3/2 transitions; Rs is the relaxation 
rate of the proton magnetization involved in 1/2→-1/2 transitions; Rf is dominated by 
dipolar 1H-1H interactions within the methyl group, while Rs is governed by dipolar 
1H-1H interactions between the methyl and its proximal protons (R2Hext) (Tugarinov et 
al. 2003); taq is the acquisition time in the direct detection dimension. The ratio of the 
methyl signal intensity at delay  with respect to that at a delay time of zero (i.e., 
relative intensity, I’(∆,T)/I’(0,T)) can be written as  
 2-13
where Γ is the methyl dipole-dipole cross-correlated relaxation rate given by Equation 
2-7; and x is given by  
 2-14
where Rs and Rf are dependent on τm, S2axis, R2Hext, and τe, and so is x. Both Rs and Rf 
can be approximately expressed with Γ and R2Hext. For proteins, R2Hext ≈ 2.5R1Hsel (Liu 
et al. 2003).  R1Hsel was found to be in the range of 0.4τm – 1.2τm s-1 for ubiquitin and 
IFABP, where τm is the overall tumbling time of a given protein in nanoseconds. In 
order to simplify data analysis, it is better to roughly express x as a function of Γ and 
τm. When τa = 0.001 s, τb = 0.00195 s, taq = 0.057 s, and R2Hext = 2τm s-1, our numerical 
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measurements.   
Figure 2-6 shows the excellent agreement between the result obtained from 
Equation 2-14 and that obtained from Equations 2-15 and 2-16.  In our simulations, 
proton relaxation rates Rs and Rf were calculated with previously described equations 
(Liu et al. 2003). We also assumed that the spectral density function is described by 
Equation 2-8, τm = 8 ns (a) and 15 ns (b), τe = 20 ps, and H = 800 MHz, τa = 0.001 s, 
τb = 0.00195 s, taq = 0.057 s, R2H = 2.5*0.8τm.For small proteins like ubiquitin with a 
τm value of 4.1 ns, the maximum value of x is ~0.02 and the effect of x on I(∆,T) is 
negligible.  Simulations indicate that the effects of τe and H on x are negligible since 
Rf and Rs are dominated by J(0). Simulations also show that x is insensitive to the 
exact value of R2Hext when R1Hsel is within the range of 0.4τm – 1.2τm s-1. For example, 
the maximum value of x equals ~0.064 when R2Hext = 2.5*0.4τm s-1 = 8 s-1, while x = 
0.057 when R2Hext = 2.5*1.2τm s-1 = 24 s-1. Equation 2-16 is valid only when τa = 
0.001 s, τb = 0.00195 s and taq = 0.057 s. If another set of delays is used, x and y can 
be calculated. Therefore, the cross-correlation rate, Γ can be obtained from the 
dependence of the relative intensity ratio (I(∆, T)) on delay ∆ at a given constant-time 
T based on Equation 2-13, 2-15 and 2-16. 
Herein, we only analyze the time-course of the magnetization evolution to 
obtain the cross-correlation rate. Alternatively, one can use a third dimension to 
record a quaternary structure for each methyl group by varying  systematically with 
the same pulse scheme shown in Figure 2-5.  Note that chemical shifts are removed in 
the third dimension and acquisition of a few points in this dimension is sufficient to 
resolve the quaternary structure. The cross-correlation rate can be obtained by 
analyzing the lineshape of each multiplet component  (or peak intensity ratio) in the  
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and those e















Figure 2-7 shows the representative profiles of relative peak intensities for 
L8γ2, T9γ, V26γ2 and A46β methyl groups in ubiquitin.  The time dependence is 
caused by the one-bond 1H-13C coupling and dipole-dipole cross-correlated relaxation. 
The data were recorded with a constant-time T of 84 ms. Experimental data are 
indicated by symbol “o”. The experimental errors in intensities are shown in vertical 
bars which were often smaller than 1% and thus are within the symbol. The solid lines 
represent the curves with the best fit using Equation 2-13, 2-15 and 2-16 and 
assuming τm = 4.1 ns. The dotted lines represent the predicted curves in the absence of 
cross-correlated relaxation. Thus, the differences between the solid and dotted curves 
of the methyls are caused by the dipole-dipole cross-correlated relaxation effect. The 
JCH coupling constants (fitting errors) for L8 2, T9, I30 and A46 methyl groups are 
128.1 (0.1), 127.3 (0.1), 127.8 (0.1) and 129.9 (0.1) Hz. The values of Γ are listed in 
Table 2-1.   
Due to one-bond 1H-13C J coupling interaction, the change of the peak 
intensity with delay ∆ follows a simple form, 0.75cos(3πJτ)+0.25cos(πJτ), shown as 
dotted lines in Figure 2-7.  Deviation from this profile indicates the presence of cross-
correlated relaxation. Dipole-dipole cross-correlated relaxation rates and J coupling 
constants were determined by fitting the relative peak intensity profiles to Equation 
2-13, 2-15 and 2-16 under the condition of τm = 4.1 ns (τm was determined from 15N 
relaxation times T1 and T2). The best fits are indicated by solid lines and they 
reproduce the measured peak intensities very well. Since the HSQC-type experiment 
is very sensitive, high accuracy in the intensity ratios is easily achievable. Thus J and 
Γ values can be measured accurately with this experiment. In the case where the 
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chemical shift difference between C and C spins in a Leu residue is not much larger 
than the one-bond 13C-13C coupling constant (i.e., |C　- C| < 12JCC), the strongly-
coupled 13C-13C interaction interferes with the weakly-coupled 1H-13C interaction (or 
the Hamiltonians corresponding to the two interactions do not commute). For such a 
Leu methyl group, its peak intensity profile can deviate from Equation 2-13 
significantly. In this case, J and Γ values could not be obtained reliably. Due to the 
strong coupling effect, five Leu methyl groups (L151, L501, L561 and L562, 
L691) in ubiquitin were excluded for analysis. Five methyl groups were not resolved 
in the HSQC spectrum and thus could not be measured. In total, the cross-correlated 
relaxation rates for 39 out of 49 methyl groups were obtained. Several Leu methyl 
groups had relatively large uncertainties in J and Γ because the spins under 
investigation do not form a rigorously weakly-coupled spin-system. 
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Table 2-1 Dynamics parameters of methyl groups in ubiquitin derived from spin-
lattice relaxation time T1 and dipole-dipole cross-correlated relaxation Γ 
 
Res. S2axis τe (ps) T1 (s) Γ (s-1) 
I3γ 0.917±0.003 34.8±0.2 0.495±0.002 2.77±0.01 
I3δ 0.799±0.003 8.9±0.1 1.375±0.005 2.51±0.01 
V5γ1 0.897±0.058 34.5±0.2 0.499±0.002 2.67±0.18 
V5γ2 0.833±0.023 20.8±0.1 0.747±0.002 2.60±0.07 
T7γ 0.823±0.006 38.5±0.2 0.456±0.002 2.47±0.02 
L8δ1 0.312±0.032 36.1±0.2 0.496±0.003 0.98±0.10 
L8δ2 0.223±0.006 31.3±0.1 0.572±0.001 0.70±0.02 
T9γ 0.648±0.007 29.3±0.1 0.583±0.002 1.98±0.02 
T12γ 0.783±0.007 34.5±0.2 0.503±0.002 2.36±0.02 
I13γ 0.595±0.003 26.0±0.1 0.649±0.002 1.83±0.01 
I13δ 0.594±0.006 15.2±0.1 1.001±0.002 1.85±0.02 
T14γ 0.671±0.006 38.3±0.1 0.466±0.001 2.04±0.02 
L15δ2 0.549±0.062 25.1±0.3 0.667±0.004 1.75±0.19 
V17γ1 0.934±0.054 37.3±0.2 0.469±0.002 2.80±0.16 
V17γ2 0.881±0.033 60.0±0.5 0.322±0.002 2.57±0.10 
T22γ 0.936±0.006 31.8±0.1 0.531±0.002 2.85±0.02 
I23γ 0.893±0.003 25.8±0.1 0.629±0.002 2.75±0.01 
I23δ 0.589±0.003 23.4±0.1 0.707±0.002 1.81±0.01 
V26γ1 0.799±0.007 17.4±0.1 0.861±0.002 2.49±0.02 
V26γ2 0.979±0.013 34.1±0.2 0.502±0.002 3.00±0.04 
I30γ 0.975±0.007 25.6±0.1 0.625±0.002 2.98±0.02 
I30δ 0.811±0.006 11.1±0.1 1.198±0.007 2.54±0.02 
I36γ 0.765±0.003 58.2±0.2 0.332±0.001 2.21±0.01 
I36δ 0.569±0.003 13.4±0.1 1.109±0.007 1.77±0.01 
L43δ1 0.473±0.048 32.8±0.8 0.531±0.011 1.46±0.15 
L43δ2 0.631±0.091 26.5±0.3 0.634±0.002 1.99±0.28 
I44γ 0.717±0.006 31.3±0.1 0.548±0.002 2.16±0.02 
I44δ 0.270±0.003 13.8±0.1 1.188±0.001 0.85±0.01 
A46β 0.889±0.006 19.5±0. 1 0.784±0.003 2.78±0.02 
L50δ2 0.867±0.016 14.5±0.1 0.966±0.005 2.61±0.05 
T55γ 0.885±0.006 35.2±0.1 0.492±0.001 2.71±0.02 
I61γ 0.839±0.003 21.0±0.1 0.743±0.001 2.58±0.01 
I61δ 0.658±0.003 17.6±0.1 0.877±0.003 2.05±0.01 
L67δ1 0.304±0.013 41.9±0.1 0.438±0.001 0.87±0.04 
L67δ2 0.361±0.036 35.4±0.2 0.503±0.002 1.03±0.11 
V70γ2 0.386±0.003 52.6±0.2 0.361±0.001 1.08±0.01 
71δ1 0.268±0.013 36.8±0.2 0.491±0.002 0.81±0.04 
L73δ1 0.200±0.045 27.5±0.2 0.644±0.001 0.54±0.14 
L73δ2 0.173±0.003 31.7±0.1 0.566±0.001 0.51±0.01 
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2.3.3 Extraction of Dynamic Parameters 
 
The dynamic parameters (S2axis and τe) were determined by fitting T1 and Γ 
data to Equation 2-7, 2-8 and 2-9, assuming rCH = 1.115Å and θCH = 110.5° where θCH 
is the angle between the CH bond and the methyl rotation axis. (Best et al. 2004) The 
error in T1 mainly resulting from 13C-13C cross-relaxation only influences the 
accuracy of τe. It has nearly no effect on the determination of side-chain mobility 
(S2axis), which is dominated by Γ. (Arac et al. 2003) Unlike T2 or T1, Γ is free of 
chemical exchange contributions. Therefore, the determination and interpretation of 
S2axis with this method are not complicated by slow motions on s-ms timescales.  
Figure 2-8 and Figure 2-9 show the comparisons of S2axis and τe values derived 
from the 13C and 2H relaxation data of ubiquitin, respectively.  The S2axis and τe values 
from 2H measurements were taken from a previously published paper (Lee et al. 
1999).  The dynamic parameters measured using 2H relaxation times were taken from 
Wand’s work in which the angle θCD was assumed to be 109.5°. (Abbott et al. 2000) 
The correlation between S2axis values is excellent. The small deviations might have 
arisen from experimental errors and difference in sample condition. The τe values 
(dominated by T1) derived from 13C relaxation data are ~10% smaller than those from 
2H relaxation times. The difference might have resulted from the fact that 2H T1 is 
slightly more sensitive to slower motions than 13C T1. A similar discrepancy was also 
observed for the effective correlation times derived from 13C and 2H relaxation times 
that were measured with the respective CHD2 and CH2D isotopomers in the same 
sample, (Best et al. 2004) provided that θ = 110.5° and θD = 109.5°. The good 
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agreement between the two sets of data indicates that methyl dynamics can be probed 
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2.3.4 Application to HIP2 protein 
 
 For HIP2 protein, it was already found that the residues proximal to the 
cysteine catalytic site facilitate the accommodation of ubiquitin to form a thioester 
(Chen and Pickart 1990).  Therefore, the side-chains surrounding the binding site may 
have more flexibility.  We applied the method shown above for probing methyl 
dynamics of HIP2 using uniformly 13C-, 15N-labeled proteins.  Using methyl 13C T1 
and Γ data, methyl dynamics parameters were obtained with an isotropic overall 
tumbling time of 15.6 ns. The overall tumbling time was calculated from 15N 
relaxation times T1 and T2 as shown in Figure 2-10.  The dynamic parameters for 96 
out of 127 methyl groups were obtained as shown in Table 2-2.  Thirty one methyl 
groups were not resolved in the 13C-1H HSQC spectra of HIP2 due to line broadening 
or overlap problems.  Thus they were excluded for extracting dynamics data.  The 
assignment of HIP2 methyl groups is shown in Figure 2-11. 
The backbone is shown as ribbon diagram in Figure 2-12. Methyl carbons are 
shown in space-filling representation. They are color-coded as follows: Saxis2 ≥ 0.9 
(red); 0.8 ≤ Saxis2 < 0.9 (orange); 0.6 < Saxis2 < 0.8 (yellow); 0.5 < Saxis2 < 0.6 (light 
green); 0.3 < Saxis2 < 0.5 (green); Saxis2 ≤ 0.3 (cyan). Panel b presents the back view of 
the structure as shown on panel a.  It is notable that methyl groups with lowest Saxis2 
values, L31, V32, I76, V157 and T163 are locating at the dimer interface of the X-ray 
structure which suggests a flexible edge at the interface as shown in Figure 2-14.  It 
also worth to note that the surface exposed residues L31 and V32 are located at the 
entry of a large hydrophobic region formed by V6, I9, F13, L17, F36.  The two 
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flexible entry residues L31 and V32 will facilitate the ligand binding and which are 
may involve in the interface when UB/UBL is transferred from the activating enzyme 
(E1) to the conjugating enzyme (E2, HIP2 in our case).  The three helices (5th to 7th 
helices) are known to play an important role in E1-E2 interface (Pichler et al. 2005). 
Our results further illustrated that V190, T192, L196, L198 located on the 7th helix are 
more flexible to initiate a possible vibrational motion at the three helix bundle to 
adapt E1.  The results also show that L58, a flexible residue at portal region, which 
may facilitate UB/UBL entry at E2-UB/UBL conjugation stage (Chen and Pickart 
1990).  All E2s characterized so far, shows that the 1st helix at the N-terminal of E2 is 
critical for UB/UBL ligase enzyme (E3) binding and the slightly different motif on E2 
relates its E3 binding specificity (Ye and Rape 2009).  Our results show that not only 
the first several residues on the 1st helix, but also the residues (I9, V29, L39, L106, 
L110) between the 1st helix and neighboring 4 -strands are flexible and may help to 
stabilize E3 binding. 
Similar to previous observations on other proteins, the distributions of Saxis2 
values differ substantially for different type of amino acids, with decreasing average 
values and increasing variability when the separation between the methyl group and 
the backbone increases (Mittermaier and Kay 1999).  To minimize the impact of 
amino acid type on Saxis2, ΔS2 is employed by subtracting the average of each type of 
amino acids from HIP2 methyl Saxis2 (average ± standard deviation = 0.820 ± 0.018 
for Ala, 0.619 ± 0.010 for Ile, 0.643 ± 0.014 for Ile, 0.610 ± 0.016 for Val, 0.669 ± 
0.021 for Thr, and 0.544 ± 0.018 for Leu).  In Figure 2-13, methyl carbons are shown 
in space-filling representation. To be comparable as Figure 2-12, methyl carbons are 
color-coded as follows: ΔS2 ≥ 0.25 (red); 0.10 ≤ ΔS2 < 0.25 (orange); -0.04 < ΔS2 <     
0.10 (yellow); -0.09 < ΔS2 < -0.04 (light green); -0.31 < ΔS2 < 0.09 (green); ΔS2 ≤       
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-0.31 (cyan).  In general, ΔS2 of Ala residues decreases with the increase of accessible 
surface area calculated by NACCESS 2.1.1 (Hubbard and Thornton 1993) with some 
exceptions.  A2 and A103 are 44% and 30% buried with low ΔS2 of -0.53 and -0.15, 
respectively.  A2 locates at N-terminal loop region while A103 locates at the longest 
loop between 2nd helix and 2 -strands.  The loops bring them high flexibility.  V29, 
L39, L58, L106, L110 and L117 are >95% buried with low ΔS2 from -0.05 to -0.30.  
It can be seen from Figure 2-3, those residues are locating at a portal region formed 
by the 1st, 2nd helix and the 4 -strands.  The flexibility of those residues may come 
from local breath motions.  T77 is 83% buried with a high ΔS2 of 0.27.  The structure 
shows that the –OH group from T77 side-chain may have H-bond interaction with 
adjacent amides from residues Y152, Y56 or E57.  Therefore, the mobility of T88 
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Table 2-2 Dynamics parameters of methyl groups in HIP2 derived from spin-lattice 
relaxation time T1 and dipole-dipole cross-correlated relaxation Γ 
 
Res. S2axis τe (ps) T1 (s) Γ (s-1) 
A2β 0.293±0.007 33.3±0.2 0.480±0.003 4.28±0.11 
I4δ 0.186±0.004 12.0±0.1 1.262±0.006 2.74±0.06 
I4γ 0.304±0.013 27.3±0.1 0.577±0.003 4.44±0.18 
A5β 0.799±0.007 65.8±0.6 0.274±0.002 11.57±0.10 
I9δ 0.543±0.009 15.5±0.2 0.961±0.010 8.03±0.13 
I9γ 0.475±0.009 45.1±0.4 0.369±0.003 6.90±0.13 
I27δ 0.641±0.009 16.6±0.1 0.898±0.007 9.47±0.13 
I27γ 0.586±0.009 33.5±0.5 0.481±0.006 8.59±0.14 
V29γ1 0.185±0.044 40.2±0.2 0.403±0.002 2.71±0.66 
L31δ1 0.269±0.005 29.3±0.2 0.540±0.003 3.93±0.08 
L31δ2 0.320±0.008 38.8±0.3 0.419±0.003 4.67±0.11 
V32γ1 0.077±0.020 34.1±0.9 0.469±0.012 1.10±0.33 
T37γ 0.669±0.014 29.8±0.2 0.534±0.004 9.85±0.21 
L39δ1 0.330±0.028 27.2±0.3 0.579±0.006 4.80±0.41 
L39δ2 0.455±0.014 34.4±0.9 0.467±0.012 6.66±0.20 
I43δ 0.564±0.012 10.8±0.2 1.314±0.018 8.35±0.17 
I43γ 0.585±0.007 23.8±0.2 0.654±0.006 8.61±0.10 
A44β 0.812±0.009 41.4±0.6 0.403±0.005 11.9±0.13 
T49γ 0.981±0.013 111.5±2.7 0.193±0.003 13.9±0.21 
L58δ1 0.251±0.012 25.3±0.3 0.621±0.008 3.68±0.18 
I60δ 0.630±0.017 11.1±0.3 1.271±0.031 9.34±0.24 
I60γ 0.922±0.009 17.2±0.2 0.857±0.008 13.64±0.14 
I62δ 0.571±0.009 19.5±0.2 0.782±0.007 8.44±0.13 
I62γ 0.953±0.012 34.8±0.5 0.470±0.005 14.0±0.17 
T65γ 0.712±0.018 31.5±0.4 0.509±0.006 10.47±0.25 
V73γ1 0.849±0.017 29.0±0.1 0.549±0.002 12.48±0.25 
V73γ2 0.715±0.011 26.9±0.2 0.587±0.004 10.53±0.16 
I76δ 0.469±0.012 11.4±0.1 1.276±0.013 6.97±0.19 
I76γ 0.551±0.010 23.3±0.3 0.668±0.008 8.12±0.14 
T77γ 0.944±0.012 98.3±1.4 0.208±0.002 13.46±0.17 
I79δ 0.906±0.011 11.9±0.4 1.162±0.027 13.44±0.17 
I79γ 0.587±0.010 29.5±0.2 0.540±0.003 8.62±0.14 
I84δ 0.599±0.007 12.7±0.2 1.139±0.016 8.89±0.11 
I84γ 0.831±0.013 55.4±0.7 0.316±0.004 12.07±0.18 
V87γ1 0.527±0.012 30.8±0.2 0.518±0.003 7.73±0.17 
V87γ2 0.666±0.009 28.4±0.2 0.559±0.003 9.80±0.14 
T88γ 0.828±0.069 40.7±0.5 0.410±0.004 12.12±1.01 
A90β 0.778±0.018 58.8±0.7 0.300±0.003 11.27±0.28 
I91δ 0.754±0.012 12.3±0.4 1.155±0.029 11.17±0.18 
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Res. S2axis τe (ps) T1 (s) Γ (s-1) 
I91γ 0.647±0.010 25.6±0.4 0.613±0.008 9.52±0.15 
L93δ1 0.578±0.011 16.2±0.1 0.923±0.007 8.53±0.16 
L93δ2 0.643±0.020 39.6±0.7 0.416±0.006 9.46±0.29 
I95δ 0.455±0.009 11.6±0.1 1.256±0.007 6.73±0.15 
I95γ 0.617±0.011 27.0±0.2 0.584±0.004 9.08±0.16 
L96δ1 0.756±0.015 39.0±0.6 0.424±0.006 11.09±0.22 
L96δ2 0.960±0.022 81.5±8.4 0.240±0.017 13.8±0.30 
A102β 0.871±0.011 43.4±0.5 0.388±0.003 12.74±0.17 
A103β 0.674±0.009 35.9±0.5 0.454±0.006 9.90±0.13 
L106δ1 0.364±0.044 31.9±0.1 0.500±0.001 5.35±0.70 
L106δ2 0.446±0.010 44.9±0.7 0.369±0.005 6.47±0.15 
T108γ 0.506±0.014 26.9±0.2 0.585±0.004 7.47±0.23 
V109γ1 0.749±0.012 26.8±0.2 0.589±0.003 11.03±0.17 
L110δ1 0.580±0.010 24.9±0.4 0.627±0.009 8.55±0.15 
L110δ2 0.442±0.062 44.8±3.4 0.372±0.024 6.45±0.86 
L111δ1 0.496±0.023 28.8±0.4 0.551±0.006 7.32±0.32 
L111δ2 0.815±0.019 73.5±2.3 0.253±0.006 11.73±0.28 
L113δ1 0.617±0.010 45.2±0.6 0.370±0.005 8.99±0.15 
L113δ2 0.649±0.027 55.9±7.3 0.312±0.031 9.40±0.39 
A115β 0.815±0.037 53.0±0.8 0.327±0.004 11.88±0.56 
L116δ1 0.759±0.021 39.9±5.0 0.418±0.046 11.13±0.31 
L117δ1 0.441±0.006 43.0±0.3 0.384±0.002 6.41±0.09 
L117δ2 0.435±0.014 65.0±0.6 0.270±0.002 6.21±0.22 
A118β 0.875±0.013 20.9±0.3 0.729±0.009 12.89±0.20 
A119β 0.770±0.010 40.8±0.4 0.407±0.003 11.27±0.15 
A120β 1.001±0.012 59.4±0.8 0.302±0.003 14.55±0.17 
A128β 0.855±0.048 45.6±0.6 0.372±0.004 12.45±0.66 
V130γ1 0.855±0.012 21.8±0.2 0.704±0.006 12.64±0.17 
V130γ2 0.852±0.009 39.3±0.3 0.422±0.003 12.51±0.13 
A131β 0.867±0.028 45.8±0.6 0.371±0.005 12.64±0.37 
A145β 0.997±0.016 54.5±1.0 0.323±0.005 14.54±0.24 
A149β 0.811±0.037 42.0±0.4 0.398±0.003 11.83±0.55 
V151γ1 0.657±0.010 37.8±0.5 0.433±0.005 9.62±0.13 
V151γ2 0.781±0.012 27.4±0.3 0.578±0.005 11.51±0.17 
A153β 0.899±0.014 39.2±0.6 0.424±0.006 13.2±0.19 
A155β 0.838±0.011 26.4±0.2 0.595±0.004 12.37±0.17 
V157γ1 0.215±0.029 35.6±0.0 0.451±0.000 3.05±0.45 
T163γ 0.361±0.020 36.3±0.1 0.445±0.001 5.28±0.31 
I166δ 0.892±0.013 9.2±0.2 1.414±0.026 13.2±0.21 
I166γ 0.511±0.058 24.7±0.1 0.634±0.003 7.58±0.81 
A171β 0.866±0.007 29.6±0.3 0.539±0.004 12.75±0.10 
V179γ1 0.789±0.016 174.7±6.5 0.152±0.002 10.73±0.26 
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Res. S2axis τe (ps) T1 (s) Γ (s-1) 
V179γ2 0.940±0.014 37.0±0.4 0.445±0.004 13.82±0.21 
I180γ 0.795±0.012 15.3±0.2 0.957±0.009 11.75±0.18 
I180δ 0.834±0.012 33.4±0.3 0.485±0.004 12.25±0.18 
V181γ1 0.486±0.014 47.2±0.2 0.354±0.001 7.09±0.21 
V181γ2 0.609±0.012 22.7±0.3 0.683±0.008 8.99±0.19 
A182β 0.835±0.048 88.0±2.5 0.222±0.005 11.93±0.72 
V190γ1 0.482±0.010 33.8±0.1 0.476±0.001 7.08±0.16 
V190γ2 0.538±0.019 20.7±0.1 0.742±0.005 7.93±0.29 
T192γ 0.347±0.009 36.2±0.2 0.446±0.002 5.04±0.12 
A193β 0.932±0.008 70.5±1.1 0.263±0.003 13.47±0.11 
L196δ1 0.339±0.016 29.5±0.3 0.537±0.005 4.95±0.24 
L196δ2 0.322±0.007 39.0±0.6 0.417±0.005 4.69±0.11 
L197δ1 0.792±0.009 27.7±0.3 0.571±0.006 11.67±0.15 
L197δ2 0.860±0.032 47.0±5.6 0.369±0.037 12.57±0.45 
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We have described a simple method for probing methyl dynamics from 
dipole-dipole cross-correlated relaxation and 13C spin-lattice relaxation. The method 
has been demonstrated on a sample of ubiquitin and applied to obtain side-chain 
dynamics of HIP2 protein. The methyl dynamics Saxis2 reveal that the flexible side-
chains may facilitate the adaption of E1 and UB/UBL entry. Unlike TOCSY-based 
experiments, the method presented here is suitable for both small and large proteins 
because of the high sensitivity of the 2D HSQC-based experiment. The consistency of 
order parameters obtained from 2H auto-relaxation and 13C cross-correlated relaxation 
shows that methyl dynamics on ns-ps timescale can be easily obtained from methyl 









Over the past few decades, there have been increasing interests in studying 
protein-protein interactions in solution NMR spectroscopy (Zuiderweg 2002).  Such 
noncovalent interactions are of crucial importance for living organisms and provide 
unique possibilities to fine tune biological systems at the molecular level.  To discover 
the details of these interactions, NMR spectroscopy and X-ray crystallography are the 
two primary techniques that have contributed significantly by determining high-
resolution protein structures.  In recent years, the development of ultra-high field 
NMR probes (Kiyoshi et al. 2008), the improvement of stable isotope labeling 
techniques (Matsuda et al. 2007) and the application of high dimensional TROSY-
based NMR experiment (Xu et al. 2006) have been raised the molecular weight 
limitation of protein structure determination to approx 100 kDa. 
Besides the structure determination, NMR Spectroscopy can provide both 
specific and qualitative information on even larger systems by identify the contact 
surfaces of interacting partners.  For example, NMR Spectroscopy can provide 
specific physical properties such as ionization states and hydrogen bonds of individual 
functional residues; obtain site-specific parameters of backbone and side-chain 
dynamic motions in solution; and to be used to characterize the contacts between 
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single atoms of a protein and their interacting partners, as well as to study the kinetics 
of protein-protein interactions.  NMR spectroscopy has advantages with the ability to 
investigate proteins under different conditions in solution.  The protein samples can 
be prepared in close to the native physiological environment, in different pH and/or 
temperatures and even mixed with various interacting partners.  So far, furthermore, 
NMR spectroscopy is the only technique which can obtain useful information at the 
atomic level in the solution state. 
To identify the interaction interface, as an essential concern for protein-protein 
interaction studies, numerous biochemical or biophysical techniques are currently 
developed to fulfill this purpose, including a collection of NMR spectroscopic 
approaches. 
74 
3.1.1 Review of NMR Mapping Approaches 
 
The traditional approach based on chemical shift perturbation is used to 
identify putative sites of interaction on a protein surface by detecting chemical shift 
perturbations in simple 1D or 2D NMR spectra of a uniformly labeled protein as a 
function of added target protein (Clore and Schwieters 2003).  It is easy to do but 
lacks  precision. In cases where the entire protein changes conformation, this 
approach fails as a mapping device, but can indicate the presence of allosteric 
processes (Chen et al. 1993).  It cannot be applied to map inter-subunit interface of 
oligomeric proteins in which the monomeric form is unstable.  There exist methods 
based on paramagnetic line broadening effect with the use of site-specific spin-
labeling (Scherf et al. 1995) or paramagnetic ions (Arumugam et al. 1998), which 
have been applied to mapping the active sites between host and guest molecules.  The 
effects are caused by two factors: intermolecular due to the interaction between 
protons and labels of other molecules and intramolecular induced by the host 
molecule labels. These methods are applicable only to systems in which spin-labeling 
is available or conformation change upon forming a complex does not increase 
relaxation protection from paramagnetic ions. Amide-proton exchange has also been 
used to map protein interfaces by providing dynamics of local structural fluctuations 
due to interactions. Slower and faster exchange rates can be measured individually 
(Mueller et al. 2001). H-D exchange is not a reliable tool because the change of 
exchange rates depends on local and global structural changes upon forming 
complexes. Inter-molecular NOESY can be used to map the interactions by providing 
distance information between protons from two interacting proteins. However, it is 
75 
difficult to completely suppress intra-molecular NOEs (Zwahlen et al. 1997; 
Eichmuller et al. 2001).  A more sophisticated method based on saturation transfer 
from an acceptor to a reporting protein, called cross-saturation (Takahashi et al. 2000), 
has been proposed. It provides more reliable information about binding interface, but 
highly perdeuterated 15N-labled protein is required for the suppression of spin 
diffusion in the reporting protein. Incomplete deuteration of the reporting protein may 
result in false interacting sites. In addition, to reduce spin diffusion among amide 
protons, especially for α-helical proteins, it is necessary to do experiments in a solvent 
of H2O/2H2O with < 30% 2H2O to reduce the spin diffusion effect. This is equivalent 
to lower the effective sample concentration by a factor of ~3 or more. Thus, this 







Hemoglobin is an iron-containing metalloprotein in vertebrate’s blood.  There 
are approximately 5 billion red blood cells present per milliliter of blood.  Each red 
blood cell consists of 280 million hemoglobin molecules.  The role of hemoglobin is 
to bind molecular oxygen to its heme irons at the lungs and deliver it to the tissues 
and to bring back to the lungs the byproduct of oxidation which are then 
released/exchanged with oxygen (Di Prisco et al. 2000).  Human normal adult 
hemoglobin (Hb A) has 4 heme groups, where each heme group is associated with a 
16 kDa protein chain. There are two identical chains named α with 141 amino acids 
each and another two identical β-chains with 146 residues each.  The tetrameric 
structure of hemoglobin is directly related to the way it behaves in fulfilling its 
biological role (Dickerson 1972). 
X-ray crystallographic studies of deoxy and ligant Hb A have found that there 
are at least three different quaternary structural forms (T, R, and R2), in which the 
structures of each inter-subunit are very similar; however, there are differences in the 
arrangement between 11 and 22 interfaces (Silva et al. 1992; Mueser et al. 2000).  
T symbolizes the deoxy quaternary structure of crystalline deoxy-Hb A, and R and R2 
represent the quaternary structures of crystalline liganded carbonmonoxy-Hb A 
(HbCO A) in high salt and low salt conditions, respectively.  More recently, by using 
NMR residual dipolar measurements on 15N-labeled recombinant HbCO A (rHbCO 
A), it has been found that the solution structure of HbCO A is distinctly different from 
the previously determined R and R2 crystal structures and that the solution structure 
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of HbCO A is a dynamic intermediate between R and R2 structures (Lukin et al. 
2003).  In spite of extensive studies on the Hb molecule, the detailed structure-
function relationship in Hb is not fully understood and many aspects remain 
controversial.  This may arise from a lack of information on the structure and 
dynamics of Hb under physiological conditions.  The sequence and secondary 
structure for Hb A is shown in Figure 3-1. 
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Chain A 
1  VLSPADKTNV KAAWGKVGAH AGEYGAEALE RMFLSFPTTK TYFPHFDLSH 
   HHHHHHH HHHHHHHGGG HHHHHHHHHH HHHHH GGGG GG TTS  ST 
51 GSAQVKGHGK KVADALTNAV AHVDDMPNAL SALSDLHAHK LRVDPVNFKL 
T HHHHHHHH HHHHHHHHHH HTTT HHHHH HHHHHHHHTT S   THHHHH 
101 LSHCLLVTLA AHLPAEFTPA VHASLDKFLA SVSTVLTSKY R  
HHHHHHHHHH HH TTT  HH HHHHHHHHHH HHHHHHT       
Chain B 
1  VHLTPEEKSA VTALWGKVNV DEVGGEALGR LLVVYPWTQR FFESFGDLST 
    HHHHHH HHHHHTT  T TTHHHHHHHH HHHHSGGGGG GGGGG   SS 
51 PDAVMGNPKV KAHGKKVLGA FSDGLAHLDN LKGTFATLSE LHCDKLHVDP 
HHHHHH HHH HHHHHHHHHH HHHHHTTTT  HHHHTHHHHH HHHHTS   T 
101 ENFRLLGNVL VCVLAHHFGK EFTPPVQAAY QKVVAGVANA LAHKYH  
HHHHHHHHHH HHHHHHHHGG G  HHHHHHH HHHHHHHHHH HTGGG   
Chain C 
1  VLSPADKTNV KAAWGKVGAH AGEYGAEALE RMFLSFPTTK TYFPHFDLSH 
   HHHHHHH HHHHHTTGGG HHHHHHHHHH HHHHH GGGG GG TTS  ST 
51 GSAQVKGHGK KVADALTNAV AHVDDMPNAL SALSDLHAHK LRVDPVNFKL 
T HHHHHHHH HHHHHHHHHH TTGGGHHHHH HHHHHHHHTT S   THHHHH 
101 LSHCLLVTLA AHLPAEFTPA VHASLDKFLA SVSTVLTSKY R  
HHHHHHHHHH HH TTT  HH HHHHHHHHHH HHHHHHT       
Chain D 
1  VHLTPEEKSA VTALWGKVNV DEVGGEALGR LLVVYPWTQR FFESFGDLST 
    HHHHHH HHHHHTTS T TTHHHHHHHH HHHHSGGGGG GGGGG   SS 
51 PDAVMGNPKV KAHGKKVLGA FSDGLAHLDN LKGTFATLSE LHCDKLHVDP 
HHHHHT HHH HHHHHHHHHH HHHHHHTTT  HHHHHHHHHH HHHHTT   T 
101 ENFRLLGNVL VCVLAHHFGK EFTPPVQAAY QKVVAGVANA LAHKYH  
HHHHHHHHHH HHHHHHHHGG GS HHHHHHH HHHHHHHHHH HTGGG   
 
 
Figure 3-1 Sequence and secondary structure of Hb A (PDB Code: 1BBB) 
Helices, and turns are colored in red and green, respectively. 
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3.1.3 Distance Driven Docking 
 
The accurate description of protein-protein interactions is one of the central 
elements to understand protein functions.  Biochemical and biophysical approaches 
based on mutagenesis (Woodgate and Levine 1996), NMR spectroscopy (Zuiderweg 
2002) and mass spectrometry (Miernyk and Thelen 2008) have been developed to 
gain insight into protein-protein interactions. 
The information generated in this way can in principle be used to model the 
structure of the corresponding complex when conventional NMR and crystallographic 
approaches fail.  Taking the step from experimental data to modeling is however not 
common practice.  This can be done using docking approaches that model the 
structure of a complex based on the structure of the constituents.  Although clear 
progress has been achieved in the field of ‘ab initio’ docking (Janin et al. 2003), most 
of the current approaches lack consistency and reliability.  However, as highlighted in 
a recent review paper (van Dijk et al. 2005), in many cases of biological interest, 
some kind of experimental information is available which can be used to filter 
docking solutions or even to drive the docking. 
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3.2 Materials and Methods 
 
3.2.1 NMR Spectroscopy 
 
All NMR experiments were performed on a Bruker Avance 800 MHz 
spectrometer.  Chain-selective labeled Recombinant human adult hemoglobin samples 
in the carbonmonoxy form (Simplaceanu et al. 2000) were provided by Professor 
Chien Ho’s group.  All NMR samples (rHbCO A, rHbCO B) contained 1mM Proteins, 
50mM sodium phosphate buffer at pH 7.0, and 90% H2O/10% D2O. A and B 
correspond to - and -chains, respectively, and the -chain is 15N,2H-labeled. The 
average deuteration percentage was ~85% for both chains.  Carbon monoxide gas 
protection was used during NMR sample preparation. 
 
 
3.2.1.1 Data Procession 
All NMR data were processed with the NMRPipe and nmrDraw software 
package (Delaglio et al. 1995). Intensities were obtained using the nonlinear line-
shape modeling procedure included in the software. The standard deviations of peak 
intensities were determined from measured background noise levels. 
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3.2.2 Initial Relaxation Rate Measurement 
 
Figure 3-2 shows the pulse scheme used to measure selective spin-lattice 
relaxation rates of amide protons in a deuterated reporting protein A, which binds to 
its acceptor protein B.  The effect of phase alternation of 1 is to alternatively store 
magnetization along the -Z axis and the +Z axis at the very beginning of the 
relaxation period so that spin-lattice magnetization relaxes as exp(-RT) (Nicholson et 
al. 1992).  In this way, the measurement of relaxation rates will be independent of the 
interscan delay. Suppression of cross-relaxation between amide and aliphatic protons 
is achieved by selective inversion of only amide and aromatic protons, while 
reduction of amide magnetization loss due to exchange with H2O is achieved by 
maintaining the proton magnetization of amide and H2O along the same direction by 
achieving inversion of H2O during the entire relaxation period. A single scan TROSY 
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3.2.3 Derivation of the Relaxation Equation  
 
In Figure 3-2, the relaxation of spin-lattice magnetization is governed by the 
following equation:  
 3-1 
where R is a relaxation matrix; Iz is a vector representing the magnetizations of all 
spins in a spin-system; Ieq is the magnetization vector in the equilibrium state.  For 1 
= x,  
 3-2 
where T is the relaxation delay, W represents the effect of the selective pulse applied 
in the middle of the relaxation period on Iz, I1z(0) is the magnetization at the very 
beginning of the relaxation period, and I1z(0) = Iz(0). For 1 = -x, 
 3-3 
where I2z(0) = -Iz(0).  The difference of the two scans corresponds to I1z(T) - I2z(T) 
(Iz (T)). Hence, we have 
 3-4 
For a two-spin system, if the selective pulse is applied to only spin 1, we have 
.  Numerical simulation shows that at time T 
I1z(T)  exp(-R11T)*I1z(0) 3-5 
where I1z(T) represents the magnetization difference of spin 1 in the two scans at 
time T; I1z(0) represents the steady state magnetization of spin 1; R11 is the auto-
( )z z eq
dI R I I
dt
  
1 1( ) exp( / 2)*{ *[exp( / 2)*( (0) ) ] }z z eq eq eq eqI T RT W RT I I I I I      
2 2( ) exp( / 2)*{ *[exp( / 2)*( (0) ) ] }z z eq eq eq eqI T RT W RT I I I I I      
( ) exp( / 2)* *exp( / 2)* (0)
2exp( / 2)* *exp( / 2)* (0)
z z
z
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relaxation rate of spin 1. If the selective pulse is applied to spin 2, we have 
.  At time T,  
I1z(T)  -exp(-R11T)*I1z(0) 3-6 
Clearly, the cross-relaxation between the two spins can be suppressed by 
selectively inverting either spin 1 or spin 2 in the middle of the relaxation period.  For 
an n-spin system, we can obtain the same results. Therefore, the sequence shown in 
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3.2.4 Effective Distance Measurement 
 
The initial relaxation rate of an amide proton (R1(HNZ))  under selective 
inversion is dominated by dipolar interactions with its surrounding aliphatic protons 
and it can be approximated as  
 3-7 
where c is the molecular tumbling time, μ0 is the permeability in vacuum;  = h/2 
and h is Plank’s constant; H is the proton gyromagnetic ratio; rHHAj is the  distance  
between the amide proton and the jth residual aliphatic proton in protein A; rHHBk is the 
distance between the amide proton and the kth aliphatic proton in protein B; Sj2 is the 
order parameter describing the motional amplitude of an H-Hj vector; m and n are the 
total numbers of the respective aliphatic protons in proteins A and B interacting with 
the amide proton; Rex is the relaxation contribution from the unsuppressed NH-H2O 
exchange effect, which is minimized by preventing radiation damping and keeping 
HNZ and H2O magnetization parallel. If protein A is perdeuterated (i.e., m = 0), amide 
protons located in the binding interface have larger R1 values than other amide 
protons since they are much closer to the protons in protein B. In principle, amino 
acid residues in the interacting region can be identified based on R1 values using a 
single sample consisting of a perdeuterated reporting protein and an unlabeled 
acceptor. However, incomplete deuteration in aliphatic protons and unsuppressed NH-
H2O exchange effect (Constantine et al.) can lead to a false identification of 
interacting sites. In order to overcome this drawback, we propose here to use two 

































B and 2). 15N,2H-labeled A complex with 2H-labeled B. The difference of R1 values 
for a given amide proton in the two samples: 
R1   3-8 
where n1 and n2 are the numbers of aliphatic protons in protein B in samples 1 and 2, 
respectively) is mainly determined by the location of the amide (i.e. rHHBk), but 
independent of the deuteration percentage of protein A (m) and Rex. Although 
incomplete deuteration of protein B in the second sample affects the relative 
amplitude of R1, it cannot result in false binding sites. Under the assumption of S2 = 
1 and perdeuteration of protein B in sample 2 (n2 = 0), R1 can be used to estimate an 
upper bound of the effective distance between an amide proton in protein A and its 
proximal protons in protein B: 
reff = [r-6HHBk]-1/6 3-9 
Even in the case of 85% deuteration of protein B and S2 = 0.3, the actual reff is 
~25% shorter than its upper bound limit, implying that effects of the local dynamics 
and deuteration rate of protein B can be neglected (Figure 3-3).  On the basis of reff 
values, one may model the structure of a protein complex, provided that individual 
structures are known.  
In the numerical simulations, we assumed four hydrogen atoms are in a rigid 
molecule with an overall tumbling time of 32 ns. Atoms 1, 2 and 3 correspond to three 
amide protons in protein A while atom 4 corresponds to an aliphatic atom in protein B. 
Only the amide protons are selectively inverted in the middle of the relaxation 
period (Figure 3-2). The distances between hydrogen atoms are: r12 = 2.8 Å, r13 > 6 Å, 
r14  = 3.1 Å, r23 = 2.8 Å, r24 > 6 Å, and r34 > 6 Å.  I1 is the intensity of a given proton 
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 sample 2 where 80% of the atom 4 is 2H. I1 and I2 were calculated based on the 
following relation: I(t) = exp(-R*t/2)*W*exp(-R*t/2)*I(0), where R is a relaxation 
matrix and the matrix elements Rij were calculated from the distances rij and 
deuteration ratio; W is a matrix representing the effect of the selective pulse applied to 
amide protons in the middle of the relaxation period; I is a vector representing the 
magnetizations of the four spins. Time courses of intensity ratios (I1/I2) for protons 1 
(o), 2 () and 3 (+) are shown in the plot. The initial decay profile for proton 1 is 
indicated by a solid line. The initial rate difference (R1) obtained from the data in the 
first 150 ms was 1.6 s-1, which is nearly identical to the actual relaxation rate 
difference (R111 – R211 = 1.64 s-1, where superscripts 1 and 2 denote samples 1 and 2, 
respectively). Due to two-step and three-step spin-diffusion effect, the intensity ratios 
for protons 2 and 3 decrease significantly after the initial period. However, the initial 
decay rates were found to be smaller than 0.1 s-1. Using the R1 value obtained here 
(1.6 s-1) and assuming complete deuteration (100% of the atom 4 is 2H), r14 was found 
to be 3.22 Å. The real distance (3.1 Å) is slightly shorter than the upper bound of the 




3.2.5 Docking Study 
 
Experimental and prediction information is incorporated in HADDOCK 
program (Dominguez et al. 2003) in conjunction with CNS (Brunger et al. 1998).  The 
HADDOCK program is originally designed for to model protein-protein complex 
structures based on available experimental data.  In our study, the distance constraints 
were used to define an interface between protein complex subunits.  
The docking is driven by ambiguous interaction restraints (AIRs) defined 
between any atom of the active residues and all atoms of all active and passive 
residues on the partner protein.  Three sets of AIRs were derived by adding (for upper 
bounds) and subtracting (for lower bounds) 10% of each calculated effective distances.  
Besides the use of effective distance data as active residues, we experimented with the 
use of all >50% water accessible residues (Hubbard and Thornton 1993) as passive 
residues.  Docking study was performed on two Hb A units (α1, β1) and four Hb A 
units (α1, β1, α2, β2).  The AIRs were generated by a php script (Appendix 2).  In 
cases where the data were very fuzzy or judged unreliable, we randomly removed 25% 
of the data for each docking trial.  The inter-subunits from carbonmonoxy-Hb A 
crystal structures (pdb code: 1BBB) (Silva et al. 1992) were used as templates. 
In the first stage of the docking, an initial set of 1000 rigid-body docking 
models was generated.  The 200 lowest energy complex models were then selected 
and submitted for a second stage of calculations with semi-flexible simulated 
annealing.  The 200 lowest energy models in the second stage were refined in water 
solvent and clustered using a 3.0 Å RMSD cutoff criterion.  Finally, the 10 lowest 
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energy complex models were selected from the most populated cluster with the lowest 
HADDOCK score and used for the analysis. The molecular graphics were analyzed 
by MOLMOL (Koradi et al. 1996) and YASARA (Biosciences 2007). 
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3.3 Results and Discussion 
 
3.3.1 Initial Relaxation Rate Results 
 
We have applied the above-mentioned strategy to map the inter-subunit 
interface of recombinant human adult hemoglobin in the carbonmonoxy form (rHbCO 
A, 1 mM, pH 7.0) on an 800-MHz NMR. Here, proteins A and B correspond to - 
and -chains, respectively, and the -chain is 15N,2H-labeled. The average deuteration 
percentage was ~85% for both chains. As expected, the decay of HNZ often follows a 
multi-exponential form due to strong cross-relaxation among amide protons (Vold and 
Vold 1978).  Nevertheless, it is possible to obtain initial relaxation rates for both 
samples and then to calculate R1 values. Since we are interested in only R1, an 
alternative way to obtain it is from dependence of the intensity ratio of a given proton 
in two samples (I1(t)/I2(t)) on the relaxation delay (which is shown by numerical 
simulations, Figure 3-3), where I1(t) (I2(t)) is the relative intensity at time t with 
respect to that at the first delay for sample 1 with unlabeled -chain (sample 2 with 
2H-labeled -chain).  Figure 3-4 shows the decays of a number of representative 
amide protons (K60, ; V96, o; F36, ; R31,*; A123, +).  Amides not involved in 
inter-subunit contacts show no dependence of I1/I2 on the relaxation delay.  In this 
figure, I1 (I2) is the relative peak intensity at time t with respect to that at 10 ms for 
sample 1 with unlabeled -chain of Hb (2 with 2H-labeled -chain of Hb).  
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for a 
 F36, ; 
93 
respectively. The total experimental time was ~22 hours to record all data of the two 
samples on an 800 MHz NMR.  Amides involved in weak contacts display nearly 
mono-exponential profiles during a period of 500 ms, while those located in close 
contact regions showed nearly mono-exponential profiles within the first 150 ms. 
Amide protons that involve weak or no direct inter-subunit contact, but are close to 
the amides with strong inter-subunit interactions display slower decay or no decay in 
the initial period and then faster decay in the later stage (F36 in Figure 3-4).  This is 
due to the two-step ‘spin-diffusion’ process.  Fortunately, the spin-diffusion effect 
decreases dramatically with the steps and it has been found to be negligible for multi-
step processes for rHbCO A within a relaxation delay up to 400 ms. 
 Amino acid residues involved in inter-subunit contacts can be unambiguously 
identified from the ratios of normalized peak intensities (I1/I2) at one delay (e.g., 250 
ms) (Figure 3-5a), where I1 (I2) is the relative peak intensity at a relaxation delay of 
250 ms with respect to that at 10 ms for sample 1 (2). Alternatively, they can be 
obtained more confidently from R1 values (Figure 3-5b) and errors are indicated 
with vertical bars.  The initial rate (R1) of an amide proton was estimated by fitting 
I1/I2 to a mono-exponential equation in three steps: 1) Calculate the relaxation rate 
with all data points; 2) Throw out the point with the longest delay in the existing data; 
3) Repeat step 2 until the absolute difference of the relaxation rates obtained with 
m+1 and m data points is smaller than the sum of the fitting errors of these two 
fittings, where m is the number of data points and m>3. The fitting error was 
determined using the Jackknife method. The relaxation rate and fitting error obtained 
with m+1 points were reported. Amide protons in the -chain with R1 smaller than 
0.7 times the value of the average R1 (~0.1 s-1, the noise level) are considered to 
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have no interaction with the -chain. The identified residues here are consistent with 
the contact sites derived from the crystal structure of R2 state of Hb A (PDB entry 
1BBB). With the use of cross-saturation experiment on sample 1 in a H2O/2H2O 
(30:70) solution, many residues in the contact region were also identified. However, 
the 12 interface (residues 92-97) cannot be identified because of the strong noise 
level caused by spin diffusion among many residual protons in the -chain as shown 
in Figure 3-6. 
95 
3.3.2 Effective Distance Results 
 
Figure 3-5c shows the upper bounds of effective distances (reff) estimated from 
R1 values with a τc value of 32 ns (τc was established from 15N relaxation times).  
The reff is set to zero when it is larger than 5 and 6 Å for NMR-derived data and 
crystal structure-based data, respectively.  The distances agree well with those 
calculated from the R2 structure except for a few residues (Table 3-1).  The reff for 
94D estimated from R1 (4.07 Å) is significantly larger than that from the R2 crystal 
structure (3.28 Å) because the 12 interface is more dynamic in solution than in 
crystal state.  The dynamics of this region has been shown previously by a relaxation 
study of 37W which is in contact with 94D (Yuan et al. 2002).  The discrepancy 
for 117F (in a loop) and 139K (in the C-terminus) is also due to different mobility 
in solution and in the crystal state. The effective distances for 33F, 103H and 
105L derived from the present method are significantly shorter than from the crystal 
structure. This can be explained by a slight difference in inter-subunit arrangement 
and side-chain packing in solution and crystal states. The slight difference of  
interface in solution and crystal states has been evidenced by the different solvent 
exchange rates of side-chain protons of 103H and 122H in the T and R states 
(Mihailescu and Russu 2001). 
With the same approach, we obtain the upper bounds of reff for Hb A -chain 
by using a Hb A sample with 2H-,15N-labeled -chain and unlabeled -chain.  The 
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Table 3-1 Effective distances (reff) of -chain of Hb A estimated from amide 
relaxation rates R1 and calculated from the R2 structure of Hb 
 
Res. reff (Å, X-ray) reff (Å, NMR) 
30 5.17 4.34 
31 3.47 3.37 
32 5.14 4.25 
33 6.46 4.84 
34 4.16 3.99 
35 3.25 3.17 
36 4.44 3.81 
92 4.38 4.16 
93 3.83 4.18 
94 3.28 4.07 
96 4.17 4.2 
97 5.54 4.8 
103 6.85 4.7 
105 6.16 4.7 
107 4.15 3.9 
108 4.79 3.86 
109 5.89 4.27 
110 3.87 3.74 
111 2.99 3.3 
112 4.34 4.07 
113 4.83 4.98 
117 4.12 >5.0 
120 3.09 3.23 
121 4.97 3.92 
122 4.3 3.71 
123 2.84 3.03 
124 4.26 3.84 
125 5.64 4.5 
126 3.96 4.16 
127 4.24 4.4 




3.3.3 Docking Results 
 
3.3.3.1 Hb A Dimer 
As shown in Table 3-2, active residues and passive residues were used for 
generating AIRs.  Ten best structures are superposed with an all-atom RMSD of 1.02 
Å as shown in Figure 3-7.  A comparison is made between the first scoring structure 
and 11 from X-ray crystal structure (Figure 3-8).  The inter-subunit contacts 
between α1 and β1 chains form the α1β1 interface as shown in the grey rectangle.  
There are only minor structural differences found within the backbone orientations as 
well as the α1β1 interface of the predicted model and the X-ray structure with an all-
heavy-atom RMSD of 0.60 Å and a Cα RMSD of 0.12 Å.  This result is consistent 
with the results from previous X-ray studies. 
 
3.3.3.2 Hb A Tetramer 
Previous studies on Hb A X-ray crystal structures which observed that α1β1 
quaternary structure are substantially unchanged between different conformations. 
Molecular dynamics studies suggested that α1β1 kept rigid during rigid-body 
dynamics protocol while α1β1 and α2β2 tend to move relative to one another (Lukin et 
al. 2003).  Therefore, the best scoring α1β1 dimer from our docking study is chosen as 
the starting structural unit for Hb A tetramer docking.  With the knowledge that there 
is a C2 axis that relates the pairs of α and β subunits, the C2 symmetric constraint was 
applied to the Hb A tetramer docking protocol.  There is an all-atom RMSD of 0.02 Å 
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of 8 reasonable models from the 11 best scoring structures. From the three excluded 
structures, one had a collapsed protein surface and the other two had wrong 
orientations of 12 interface.  The all-heavy-atom RMSD is 1.93 Å between docking 
model and X-ray crystal structure R2.  As shown in Figure 3-8, with 11 
superposition, there’s less than 1.0 Å distance between the docking model (blue) and 
R2 structure by measure the parallel C on the -helix structures.  This result 
suggests that the solution structure of Hb A is closer to R2. 
With the implementation of multiple starting structures in HADDOCK2.0 (de 
Vries et al. 2007), we tried to model Hb A tetramer starting from 4 separated subunits.  
The results showed that because of lacking the ability to define multi-chain symmetric 
unit (α1β1) in HADDOCK2.0 program, we were not able to get an ensemble of Hb A 
tetramer within a reasonable number of docking models.  The best scoring structure 
from 4 subunits docking is shown in Figure 3-10, by superimposing Cα. The RMSD 
between the modeled tetrameric structure and the R2 structure is 3.67Å.   
101 


















30 4.34 1 33 4.08 6 
31 3.37 16 34 3.67 17 
32 4.25 37 35 3.87 19 
33 4.84 38 37 3.08 22 
34 3.99 50 38 3.36 43 
35 3.17 89 39 3.75 44 
36 3.81 90 40 3.47 46 
92 4.16 95 41 3.90 49 
93 4.18 99 42 4.61 50 
94 4.07 114 52 4.62 56 
96 4.20 118 55 4.23 97 
97 4.80 119 98 4.57 123 
103 4.70 130 99 3.90 124 
105 4.70  101 4.22 125 
107 3.90  102 4.23  
108 3.86  111 4.57  
109 4.27  112 3.84  
110 3.74  115 3.45  
111 3.30  116 3.08  
112 4.07  117 3.66  
113 4.98  119 3.32  
120 3.23  120 4.14  
121 3.92  121 4.40  
122 3.71  122 3.91  
123 3.03  126 3.92  
124 3.84  127 3.67  
125 4.50  128 3.48  
126 4.16  129 4.07  
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We proposed a novel method that can be applied to map amino acid residues 
involved in protein-protein interaction interface on the basis of the dependence of 
NMR relaxation on proton density, using two moderately deuterated samples in which 
the reporting protein in a protein-protein complex is 2H,15N-labeled while the acceptor 
protein is either unlabeled or 2H-labeled. Although the experiment proposed here 
requires deuteration of both the reporting protein and its binding partner, only 
moderate deuteration that is easily achievable is required. Residues located in protein-
protein interface can be mapped out simply from the ratios (I1/I2) of normalized amide 
peak intensities at one desired delay in two samples. The effect of protein 
concentration difference in the two samples is removed by normalizing the peak 
intensities at the desired delay with respect to those at a very short delay (e.g., 10 ms). 
In order to obtain upper bounds of effective distances for the amides at contact sites, 
one can measure the initial relaxation rate differences (R1) in the two samples. The 












Protein methyl group dynamics is typically studied by measuring the 2H rates 
in 13CH2D isotopomers.  NMR samples with specifically isotopic-labeled methyl 
groups have to be prepared to fulfill the purpose.  We have developed a new method 
to study protein methyl group dynamics.  Our method allows the study of methyl 
dynamics on protonated methyl groups without any requirement for deuteration, 
which significantly simplified NMR sample preparation.  The method is based on the 
measurement of dipole-dipole cross-correlated relaxation (Γ) in combination with the 
methyl 13C longitudinal relaxation rate (R1).  The cross-correlated relaxation rate is 
obtained from a sensitive 2D CT HSQC-based experiment with a variable 1J(C,H) 
evolution period.  We applied the method to HIP2 protein side-chains.  The result 
showed a possible binding interface between E1 and UB/UBL and some regions may 
contribute to E1-E2, and E2-E3 interface. 
Determination of protein-protein interactions is one of the focal points in 
structural biology. The 3D structure of a protein-protein complex is, generally, more 
difficult to determine experimentally than the structure of an individual protein.  
Herein, we developed a new strategy to determine protein-protein interactions.  While 
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the interaction surfaces in the present study were derived from 1H relaxation, a 
number of other simple NMR and biochemical methods could also be employed for 
comparison.  The method may also benefit the determination of higher accuracy NMR 
structures of protein complexes by providing a good starting point for the assignment 




4.2 Future Directions 
 
Due to increasing interests in the role of molecular disorder during events 
including protein folding, signal transduction, protein allostery, and protein-ligand 
interactions, dynamic characterization of disordered molecules and particular regions 
on molecules has gained greater importance.  Thus far, NMR investigations of the 
dynamics of biomolecules in solutions have relied heavily on the model free 
formalisms.  The assumptions are much more valid for well-ordered molecules in 
solution rather than loosely ordered or disordered ones.  The overall applicability of 
the model free formalisms to disordered system is therefore inherently limited.  The 
spectral density function used here assumes that overall tumbling is isotropic.  In 
general, the overall tumbling is anisotropic.  Therefore, development of a spectra 
density model based on anisotropic assumptions is necessary. 
Our interface mapping approach has shown that protein-protein interaction 
interfaces can be efficiently mapped using NMR.  Although we focused in the present 
application on the observation of amide protons, the approach is not limited to 
backbones.  In combination with an improved 13CHD2 labeling techniques (Ishima et 
al. 2001), our approach will be easily extended to study protein side-chains with a 1H-
13C HSQC scheme.  Our approach has been successfully demonstrated on a high-
affinity complex Hb A.  Based on the theory, the approach will also be applicable to 






This section shows the NMR spectra of Hb A  and  chains and a simple 
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1. Save this file as airgen.php 
2. Install linux php5-cli (ubuntu as an example: sudo apt-get install php5-
cli) 
3. Runing at linux command line: php airgen.php > AIR.txt 
 
Input files: 
1.txt, 2.txt: active residue number, distance, err+, err- (4 columns) 
1p.txt, 2p.txt: passive residue number (1 column) 
**/ 
 
$f1 = file('1.txt'); 
$f2 = file('2.txt'); 
$f3 = file('1p.txt'); 
$f4 = file('2p.txt'); 
 
foreach($f1 as $line) 
       $t1[] = preg_split("/[\s,]+/", trim($line)); 
foreach($f2 as $line) 
       $t2[] = preg_split("/[\s,]+/", trim($line)); 
foreach($f3 as $line) 
       $t3[] = preg_split("/[\s,]+/", trim($line)); 
foreach($f4 as $line) 
       $t4[] = preg_split("/[\s,]+/", trim($line)); 
 
foreach($t1 as $Aline) { 
               $s = "!\nassign ( resid " .$Aline[0]. " and name hn and segid 
A)\n       (\n"; 
       foreach($t2 as $Bline) { 
               $s.= "        ( resid ".$Bline[0]." and name h* and segid 
B)\n      or\n"; 
       } 
       foreach($t4 as $Bline) { 
               $s.= "        ( resid ".$Bline[0]." and name h* and segid 
B)\n      or\n"; 
       } 
       $s = substr($s, 0, -3).') '.$Aline[1].' '.$Aline[2].' 
'.$Aline[3]."\n"; 
       print $s; 
} 
 
foreach($t2 as $Aline) { 
       $s = "!\nassign ( resid " .$Aline[0]. " and name hn and segid B)\n       
(\n"; 
       foreach($t1 as $Bline) { 
               $s.= "        ( resid ".$Bline[0]." and name h* and segid 
A)\n      or\n"; 
       } 
       foreach($t4 as $Bline) { 
               $s.= "        ( resid ".$Bline[0]." and name h* and segid 
A)\n      or\n"; 
       } 
       $s = substr($s, 0, -3).') '.$Aline[1].' '.$Aline[2].' 
'.$Aline[3]."\n"; 
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